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Abstract 
This thesis presents laboratory and field studies into the effects of solar radiation on the thermal 
comfort of vehicle occupants. Whilst, thermal comfort has been widely studied in built environments, 
there have been relatively few studies into thermal comfort in vehicles. 7bose studies that have been 
conducted have noted that the effect of solar radiation is considerable in these confined micro- 
climates. The aim of this thesis was to provide baseline data for the effects of solar radiation on 
thermal sensation and determine how this information can be integrated to provide a method for the 
assessment of vehicle thermal comfort. Ibis was achieved using a specially constructed whole body 
solar chamber in a series of four laboratory studies looldng at different aspects of solar radiation on 
human thermal comfort and an extensive field trial conducted in Seville, Spain. 
The laboratory studies were as follows: - 
1, The effect of the intensity of direct simulated solar radiation on human thermal responses. Eight 
male subjects were exposed to 4 different intensity solar radiation conditions. Physiological and 
psychological measurements were taken. It was established that a mean response to 200 Wm72 of 
direct simulated solar radiation will give a thermal sensation shift of one positive scale point. 
2, The effect of the spectral content of simulated solar radiation on human thermal responses. Eight 
male subjects were exposed to 4 different spectral radiation conditions, with the same total radiation 
intensity, 400 Wm-2. There was found to be no significant difference in the thennal sensation 
responses due to spectra. 
3, The effects of glazing type on human thermal comfort responses. Eight male subjects were exposed 
to 4 different automotive glazings, with a fixed external solar radiation level of 1000 Wtný. The 
spectral qualities of glazing can significantly effect human thermal comfort. The lower the 
transmission of visible radiation through the glazing, the lower the thermal sensation felt by subject in 
a neutral environment. 
4, The effect of direct short wavelength and long wavelength radiation on human thermal comfort. 
Nine male subjects were exposed to short wavelength, long wavelength and combined short and long 
wavelength radiation. For the conditions investigated it was established that the addition of re- 
radiation from internal components has an effect on thermal sensation when combined with direct 
solar radiation. However, it is not considered that it wifl be a major factor in a real world situation, as 
dashboards generally do not maintain high surface temperatures in vehicles without high air 
temperatures. 
Using the data collected in the laboratory studies a predictive model, PMV,.,,,, was developed which 
integrated directed solar radiation into an existing thermal comfort model (PMV) in the form of a 
factor, F,. I.. FL,. I. is a correction factor for the addition of short wavelength radiation which converts 
actual measured solar radiation to a thermal sensation scale adjustment 
The PMV,.,.,, model was validated with other models in field trials conducted in Seville, Spain. Four 
male subjects, undertook a series of 32, one hour long experiments over 8 days, whilst travelling on a 
Spanish highway. Environmental, physiological and psychological measurements were taken 
throughout the experiments to provide data for validation of THE PMV..,,,, model. The assessment of 
human thermal comfort in vehicles is complex. Variation in environmental parameters in terms of both 
spatial and temporal changes, make accurate prediction of thermal comfort difficult. However, the 
PMV.. I., model provides an improved level of prediction of the state of thermal comfort of the vehicle 
occupants, in environments which have a high solar radiation level over existing thermal indices. 
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Notation 
a, absobance of clothing 
A, Nude (Dubois) surface area 
ADu , body surface area (m2) 2 AL,, albedo solar radiation (WrTf 
0, En, evaporation rate when the skin is completely covered in water. 
fli, weighting coefficient for the direct radiation component 
C, heat loss by convection from the outer surface of the clothed body 
C/, clothing factor 
cloi, the intrinsic insulation of the clothing (clo). 
cloex, the boundary air layer insulation (clo units) 
d, diameter of the globe 2 D, diffuse solar radiation (Wrn- 
/, direct solar intensity (Wr7f 2 
c, emissivity of the globe 
Fs, emittance of clothed body, taken as 0.97 
E, evaporative heat loss 
Ed , heat loss by water vapour diffusion through the skin E, w, heat loss by evaporation of sweat from the surface of the skin E,,, , latent respiration heat loss ET*, Effective Temperature 
% dimensionless ratios expressing the projects or'silhouetted" area 
f, function relating mean vote to thermal load and internal heat production 
f,, d, Ratio of clothed to nude surface area 
feff , effective radiation area factor fd, ratio of clothed to unclothed body surface area fd= (11 + 0.15 1,1, ) 
H, internal heat production of the body 
hc, convective heat transfer coefficient 
hcr, is the combined coefficient, (hr + h, ), with h. being the convective heat transfer coefficient. 
hc. 1 , dry heat transfer coefficient, determined during calibration of the manikin. hr, linear radiation exchange coefficient 
IT, insulation coefficient (clo) 
K, conductance rrf 2 K) 
L, dry respiration heat loss 
LR , Lewis ratio, *C/kPa, this ratio describes the relationship between convective heat transfer and mass M, th, long wave emission from the body calcualated from the Stefan Boltzmann equation 
PMV, Predicted Mean Vote 
pMVsolar, PMV adjusted for direct solar radiation 
Pi, dimensionless ratio 
P2, dimensionless ratio 
Q, radiation intensity of the 3 individual radiation components 
Qc,,, dry heat loss for the homogenous, standard environment 
Q, measured manikin heat loss. 
R, heat loss by radiation from the outer surface of the clothed body 
Rsolar, ratio of solar radiation intensity to thermal sensation scale point 
t, air temperature (OC) 
teq , temperature of the uniform homogenous environment. t,, is the surface temperature of the manikin 
tý, globe temperature (11C) 
T,, Operative temperature, 
tr, Mean Radiant Temperature (OC) 
tPr, plane radiant temperature (11C) 
tn, b, naturally ventilated wet bulb temperature 
t, k , mean skin 
temperature 
r, transmittance of clothing rlcý 
SL, short wave radiation (Wm- 
SET*, Standard Effective Temperature 
U, reduction in heat 
I 
dissipation from the skin with sunlight (dimensionless) 
Va, Air Velocity (msý ) 
wo, skin weftedness level for comfort at a given metabolic rate 
Y, mean vote on the ASHRAE thermal sensation scale 
ý Relative humidity, 
yh,, dimensionless ratio expressing the projects or Osilhouefted' area 
a, coefficient of skin and clothing reflectance 
x 
Part 1 
Literature review and methods 
Chapter 1: General Introduction 
Chapter 2: Experimental methodologies 
1. General Introduction 
1.1 Chapter Summary 
This chapter introduces the research issues covered in this thesis. It considers thermal 
comfort, vehicle environments and the environmental factors, (with special reference to 
solar radiation), that have a major effect on the occupant space. It shows the need for 
empirical research to provide greater understanding of how people react to such 
environments. The aims and objectives of this thesis are described, and the layout of the 
thesis presented. 
1.2 Introduction 
There is a major interest within the automotive industry in improving vehicle comfort. This 
has taken the form of improving ride comfort, seating, controls and the thermal 
environment. Whilst, there is a substantial body of work dealing with the physical aspects 
of sitting in a car, Brooks and Parsons (1999), Huston et al (1996) and being exposed to 
different terrains, Griffin (1995), SAE (1996), Nilssen et al (1999), the number of 
investigations into human thermal comfort in vehicles is limited. 
Thermal comfort has been extensively studied in built environments, with many of the 
predictive models being for steady state conditions. One of the elements that has a major 
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effect on thermal comfort is radiant temperature- The major source of radiation in people's 
lives is the sun. This provides the earth with its ability to sustain life. Unlike buildings, cars 
offer a more complex thermal environment that is rarely steady state and often fluctuates in 
varying levels of solar radiation. It is therefore important to quantify the environment so 
that accurate assessment of the cffects can be determined on human thermal comfort. 
The aim of this thesis is to investigate the issue of thermal comfort in vehicle environment 
with particular reference to the effect of solar radiation, which has been shown to cause 
considerable discomfort to the users, Rohles and Wallis (1979), Parsons and Entwhistle 
(1986). A specific aim is to produce an ergonomics tool, in the form of a predictive model, 
for vehicle designers and engineers to improve assessment and evaluation of vehicle 
thermal comfort. 
This chapter reviews the literature and work previously done, in the fields of human 
thermal comfort and with specific reference to vehicles and solar radiation; environmental 
parameters, human thermoregulation, thermal comfort models and indices. Background 
information is provided on solar radiation, (e. g. its role in the electromagnetic spectrum) 
and its effects on humans; physical, physiological and psychological. Current assessment 
and evaluation methods for vehicles, and models of human thermoregulation and thermal 
comfort are also considered. 
1.3 Thermal Environments 
There are 4 basic environmental and 2 personal parameters which directly affect the 
physiological and human perception of thermal comfort, these are defined and described as; 
1.3.1 Air Velocity (v. ) 
Air velocity is the movement of air across or against a body. This movement is not 
constant in time, direction or space. For practical purposes the 'mean' air velocity is often 
used to define air movement. 
1.3.2 Humidity 
Absolute humidity of the air, describes any quantity related to the actual amount of water 
vapour contained in the air. Relative humidity (ý), gives the actual amount of water vapour 
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in the air in relation to the maximum amount that it can contain at a given temperature. 
This is often expressed as a percentage. Relative humidity can be expressed as the ratio of 
partial vapour pressure of water vapour to the saturated vapour pressure. 
1.3.3 Air Temperature (t. ) 
Air temperature is most often defined as 'the temperature of the air around a person', 
EN27726: 1993. In terms of humans, it is the temperature of the air that surrounds them 
and which is representative of its surroundings. Clothing acts as a boundary between the 
person and the actual temperature of the air on the other side of the material. This means 
that the temperature of the air next to the skin is usually different from that of the air 
surrounding the person. 
1.3.4 Mean Radiant Temperature (Q 
Heat is exchanged between bodies by radiation as well as convection. There is a flow of 
energy from the hot body to a cooler body. Mean radiant temperature is defined as 'the 
uniform temperature of an imaginary enclosure in which radiant heat transfer from the 
human body is equal to the radiant heat transfer in the actual non uniform enclosure', 
EN27726: 1993. Mean radiant temperature can be derived by a number of methods; this 
can be done simply by obtaining, globe temperature (tg), air temperature and air velocity 
for the environment and then t, can be derived with the following equation: 
where, 
&= ernissivity of the globe 
d= diameter of the globe (mm) 
Mean radiant temperature can also be derived from plane radiant temperature (tp, ). This is 
'the uniform temperature of an enclosure where the radiance on one side of a small plane 
element is the same as in the non uniform actual environment' EN27726: 1993. It is in 
effect the quantity that describes radiation from one side only. t, can be calculated using 
the following equation: 
Paize 3 
This equation is based on a standing person. 
The greatest source of the radiant energy in the human thermal environment is the sun, the 
specific radiation qualities are discussed later in the chapter. 
1.3.5 Metabolic Heat Production 
The human body takes energy in the form of food which is combined with oxygen, in a 
process called metabolism. This generates the required energy for the contraction of the 
muscles during work, blood circulation, breathing and for building body tissues. The 
metabolic level is at the lowest during sleep. The metabolic rate increases when tasks are 
performed to provide the energy required for the work. The body's efficiency is low, the 
amount of energy that it produces is much greater than the external work requires. This 
extra energy is transformed to heat. Metabolic rate can be measured or estimated. 
Calorimetry, measures the amount of heat lost in a controlled environment, allowing 
comparison with the calorific value of the food consumed, Parsons (1993). This requires 
highly controlled conditions and is not easily conducted outside a laboratory. Where a 
more practical method is required, indirect calorimetry is often used. It is possible to 
estimate the metabolic rate of the human body by measuring the oxygen uptake. One fitre 
of oxygen used produces approximately 5 kilocalories of heat, dependent on the type of 
food oxidised, (Givoni 1976). 
Metabolic rate depends upon the person's age, sex, and body dimensions, (size and 
weight). To compensate for variations in the body dimensions, the energy produced is 
often expressed as a function of body area, Wm-2,, this is often estimated from tables of 
standard values. In heat stress conditions, however, it is often preferable to measure 
metabolic rate, as interpersonal physical and physiological differences mean that a wide 
variation in actual metabolic rates can be observed. McIntyre (1980) also notes that these 
individual differences and the way in which an individual may undertake tasks may provide 
significant discrepancies between published mean metabolic rates and actual rates. In 
thermal comfort experiments it has been common to use established tables. ASHRAE 
(1993), ISO 8996 (1990) have been extensively researched and present well determined 
estimations of metabolic rate for given tasks. Generally, there is wide agreement that the 
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determined metabolic rates for sedentary and light work-, (I to 2 mets), are accurate for the 
study of thermal comfort, ASHRAE (1993). 
Traditionally, metabolism is measured in Met 0 Met = 58.15Wrn2 of body surface). The 
average adult has a surface area of 1.8m2, and a person in thermal comfort with an activity 
level of I Met will thus have a heat loss of approximately I OOW. The human metabolism is 
at its lowest while at sleep (0.8 Met / 45W62) and at its highest during sports activities, 
where 8 Met (465 Wrný) is frequently reached. A few examples of metabolic rates for 
different activities are shown in the Table 1.1. A Met rate commonly used is 1.2, 
corresponding to normal work when sitting in an office. It is interesting to see that 
domestic work is relative hard work with Met values of 2.5 and 2.9. 
Table 1.1 Summary of estimated metabolic rates. 
Activity Winý Met 
Seated relaxed 58 1 
Standing relaxed 70 1.2 
Sedentary activity (office, dwelling, school, 70 1.2 
laboratory) 
Car driving 80 1.4 
Standing, light activity 93 1.6 
Walking on the level, 2 knVh 110 1.9 
Walking on the level, 5 km/h 200 3.4 
Sports -Running, 15 knVh 550 9.5 
1.3.6 Clothing 
Clothing provides a thermal resistance between the body and the environment. Its main 
function is to maintain the body in an acceptable thermal state. Clothing is often adapted 
to the environment that we live in at a particular time. Clothing reduces the body's heat 
loss and is therefore, classified according to its insulation value. The unit normally used for 
measuring clothing's insulation is the Clo unit, but the more technical unit m 2o C/W is also 
seen frequently (I Clo = 0.155 m2'C/W). 
The Clo scale is designed so that a naked person has a Clo value of 0.0 and someone 
wearing a typical business suit has a Clo value of 1.0. The Clo value can be calculated if 
the person's dress and the Clo values for the individual garments are known, by simply 
adding the Clo values together. Table 1.2 contains a list of selected clothing items and their 
corresponding Clo values, (ISO 9920: 1995). 
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Table 1.2 Summary of clothing insulation values 
Clothing item Iclu Clo value 
T-shirt 0.09 0.014 
Short sleeve shirt 0.09 0.029 
Normal, long sleeves 0.25 0.039 
Flannel shirt, long sleeves 0.3 0.047 
Light-weight trousers 0.2 0.031 
Overalls 0.29 0.043 
Thin sweater 0.2 0.031 
Jacket 0.35 0.054 
Fabric-covered, cusl-doned, swivel chair 0.1 0.016 
Obtaining the Clo value through calculation normally gives sufficient accuracy. If exact Clo 
values are required, it is better to measure the clothing insulation with a heated manikin. 
When calculating Clo values, it is important to remember that upholstered seats, car seats 
and beds for example reduce the heat loss from the body too as they act as a further less 
permeable layer of clothing, and must therefore be included in the overall calculation. 
1.4 Thermoregulation and Heat Balance 
Humans are homotherms, it is essential for them to maintain an internal body temperature 
around 37'C. Even small deviations, around this temperature can cause physical problems 
for them. The body uses internal heat generation and heat exchange with the surrounding 
environment to regulate the internal temperature. This heat balance is often referred to as 
steady state, (Burton and Edholm (1969), Fanger (1970)). Steady state implies that a 
constant temperature is maintained, however humans are in a continual energy flux 
between themselves and their environment. As the body temperature is kept in a constant 
range rather than a specific single temperature, then the term dynamic balance is more 
appropriate Parsons (1993). 
If the heat energy going into the body is greater than that leaving the body, the temperature 
of the body rises. If the heat leaving the body is greater than that going into it, the 
temperature falls. 
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These heat exchanges can be modelledwith the conceptual heat balance equation. 
M-W=E+R+C+K+S 
Where 
M= metabolic rate (WiW2) 
W= external work 
Heat transfer can occur in the following ways: 
E= evaporation 
R= radiation 
C= convection 
K= conduction 
S= beat storage 
If the body is at a constant temperature then S=0, no heat storage. If there is heat storage 
then S will be positive, and if there is heat loss from the body S will be negative. Fanger's 
PMV model uses a conceptual heat balance equation as the basis for calculating the mean 
vote. 
These are brief overviews of the basic environmental and physiological parameters which 
affect thermal comfort. Further detailed descriptions can be found in Givoni (1976), 
McIntyre (1980), Clark and Edholm. (1985), Parsons (1993), and EN27726: 1993. 
1.5 Solar Radiation 
Solar radiation is electromagnetic radiation emitted from the sun. The sun is a black body 
emitter vvith a surface temperature of approximately 5800 to 5900 K. 
The electromagnetic spectrum ranges from cosmic ray, gamma and x rays, ultra violet, 
(UV), photosynthetically active radiation, (PAR) commonly known as 'visible' radiation, 
Infra red, (IR), microwaves, through to very high frequency (VBF) radiation, Mckinlay et 
al (1988). The distribution of radiation types and their relative wavelengths are shown in 
Figure 1.1. 
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Figure 1.1 Electromagnetic spectrum and the various radiation jýypes and their relative 
wavelengths 
As the solar radiation passes through the earth's atmosphere some of it is absorbed, 
relative to its wavelength. Figure 1.2 shows the spectral distribution of solar radiation 
arriving at the outer surface of the earth's atmosphere. 
Figure 1.2 Variation in the intensity of black-body radiation with wavelength: T=6000 K 
(approximately the emission temperature of the sun. 
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All electromagnetic energy with wavelengths less than 2.8 gm, which includes the lower 
part of the UVB spectrum, is absorbed by ozone. Clouds reflect a significant fraction of 
solar radiation back to outer space, whilst the remainder reaches the surface of the earth in 
both a direct and diffused form. The intensity of radiation depends upon the thickness of 
air which it must penetrate. This is determined by the earth's rotation about its axis and it 
revolution around the sun. The irradiance of the sun just outside the earth's atmosphere is 
approximately 1350 Wmý. The levels detected on the earth`s surface are lower than this. 
The earth's atmosphere attenuates the amount of energy actually reaching the surface, the 
maximum levels measured are in the region of 1100 Wm"2. These high levels of direct solar 
radiation are rare and occur generally where the sun has a high altitude, and the point is 
high above sea level. 
Factors that need to be considered when predicting the intensity of solar radiation are; solar 
incidence (azimuth and altitude of the sun), geographical location (altitude and latitude), 
the cross sectional area of the body exposed to the sun, cloud cover, dust, carbon dioxide 
and water vapour and the surrounding terrain. 
The solar spectrum that makes its way through the atmosphere is ostensibly divided into 3 
regions, UV, PAR and IR, which are divided into sub sections, see Table 1.3. 
Table 1.3 Definitions ofspectral radiation wavelengths 
SpecMI type 
UVB 
UVA 
PARNISIBLE 
IRA 
IRB 
IRC 
Wavclcngth 
280 - 315-320 rum 
315-320 - 380400 nm 
380400 - 760-780 run 
760-780 - 1400 nm 
1.4 - 3.0 ýtm 
3. OM-Imm 
Only a small section of the spectrum, PAR, is visible to the human eye. But this contains 
45% of the energy emitted as well as the peak levels of energy intensity, (Givoni 1976), 
with UV accounting for 5% and IR for 501/o. 
In terms of the effects of radiation types on the human body UV A and UV B have the 
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most significant effect on people. UV A is the least harmful of the ultra violet radiation 
types to the human skin. The main effect being to increase existing tanning. It is the 
radiation in the UV B band that has most impact upon the skin. Exposure to it rapidly 
induces tanning, with short exposures tending to bum exposed skin. Prolonged exposure 
induces ageing and thickening of the skin, as well as the increased risk of skin cancer. 
There is a difference in skin reflection depending upon the skin colour, fair skin reflecting 
more radiation then darker skin, McKinley et al (1988), Wood and Bladon (1985). This 
means that absorption is greater for the darker pigmented skin. UV B radiation is in 
general attenuated by glass, this means that for the most part this is not an issue in relation 
to thermal comfort in vehicles. 
1.5.1 Experiments with Solar Radiation 
There have been a number of studies that have looked at the effects of solar radiation on 
thermoregulation. These fall into two main techniques; measurement from physiological 
responses and the responses of manikins to solar radiation. 
1.5.2 Physiological Experiments 
Nielsen et al (1988) investigated heat gain of subjects exercising in the sun, attempting to 
expand the radiation component of the heat balance equation, trying to evaluate the effect 
of short wave radiation and long wave radiation gain against long wave radiation losses. 
Ten nearly nude subjects undertook an experiment where they cycled on bicycle 
ergometers for 120 minutes exposed to both solar and shaded conditions. Unlike most 
studies of human thermoregulation this study was undertaken in the outdoor environment. 
The experiments took place in Denmark between July and September. Subjects exercised 
in the sun for 60 minutes, followed by 30 minutes shaded exercise and a further 30 minutes 
sun exposure. Sweat loss was recorded as well as heart rate, skin and rectal temperatures, 
as well as the environmental parameters. Using the heat balance equation it was calculated 
that the net gain from the Solar radiation was 125 W (approximately 70 Wrný). The use of 
natural conditions meant that there was some variation in the environmental parameters 
during the experiments but this was compensated for in the calculations. It was concluded 
that the heat load from solar radiation is not negligible and that predictions of heart rate 
and sweat loss in chamber studies will give too low values for exercise in the sun. 
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Nielsen (1990) undertook a similar experiment to that conducted in 1988, this time looking 
at the heat balance of clothed subjects exposed to 'artificial' solar radiation and exercising. 
6 male subjects exercised for 60 minutes in thermal conditions of 25'C t., with a direct 
radiant load of 724 Wnf2 . The subjects were exposed 
four times to the environment each 
time with different clothing ensembles, black and white polyester and black and white 
cotton sports clothing. It was found that there was little difference between the black and 
white materials in terms of short wave (solar) radiation gains. This was attributed to the 
transparent nature of the white clothing. It was found that that the surface temperatures of 
the black clothes was very high (32 - 341C) which promoted dry heat loss. Significant 
differences were found between the black and white clothing ensembles for mean heart rate 
(10 beats min7l) and sweat loss (100 gh -). Thin clothing, even if it is of a highly reflective 
colour, allowed greater transmission of solar heat load to the body. This is in line with the 
conclusions of Roller and Goldman (1968) who noted that thicker clothing ensembles 
helped to reduce the solar heat load to the body. 
Clark (1981) found that when the body is irradiated with direct solar radiation, surfaces 
such as hair and trunks increased in temperature by 15 - 18 'C whilst exposed skin 
increased by just 5-6 'C. Items, such as clothing and hair do not have an active cooling 
mechanism so store the radiant energy, whilst the skin temperature increases are reduced 
due to convective and evaporative heat losses. It was also noted that skin temperatures on 
shaded parts of the body actually decreased slightly due to increased sweat loss. 
Shapiro el al (1982) undertook a laboratory study with the aim of improving predictions 
for outdoor environments, It was found that the predictions proved to be inaccurate for 
external conditions. Shapiro el al (1995) presented a mathematical model for the prediction 
of sweat loss that incorporated additional calculations for solar radiation. The model was 
based on the studies conducted in 1982. 
qvq(Eý. 
455 *m72*h71) M. = 27.913 (g 
The study took data from 43 young males, tested during the summer in 3 different outdoor 
environments; coastal, desert and semi-desert, at 3 levels of metabolic rate, with 3 different 
clothing ensembles, and in both direct solar radiation and shaded conditions. The level of 
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solar radiation was high, between 900 - 960 wnf2 across conditions. Whilst they found 
good correlation with the predicted and actual measured sweat rates they felt that the sum 
of square errors was too high. They decided that the influence of solar radiation should be 
considered separately. 
Convective heat transfer (fQ was based on calculations by Givoni and Goldman (1972) 
with radiative heat transfer (fL) being adjusted to account for solar radiation. 
1-ý =1.5AD*SO* 
6 AT 
Where 
AD = body surface arm (m2) 
SL = short mmve radiation (wn, 72) 
IT = insulation coefficient (clo) 
This adjustment produced a much better correlation, but it was found that predicted values 
overestimated actual measured values. Moran el al (1995) using the same experimental 
data as Shapiro et al (1995) found similar problems with over estimation of actual 
measurement in their evaluation of the prediction of rectal temperature. They considered 
that long-wave emission from the body to the environment (HI) was inevitable. They 
subsequently modified H, empirically, amending it to; 
H, = 0.047AD+ Wth/ IT 
Where 
NL., h = long wave emission from the body calculated from the Stefan Boltzmann equation 
Both studies concluded that when transferring models predicting thermal physiological 
responses for indoor conditions to outdoor conditions, that convection and radiation 
should be considered separately. Short wave absorbency and long wave emission must 
both be considered. Therefore these two radiant components must be included in any 
calculation separately. 
Blazejcz)jk (1994) studied changes in skin temperature and body heat content outdoors. 
Using mean skin temperature from 10 lightly clothed (I clo) subjects who stood in upright 
postures for 7 hours. It was found that under clear sky conditions, with an air temperature 
of 34T (no direct solar load was reported), that tk decreased, from 35 to 29T, primarily 
due to evaporative cooling and the calculated net heat storage increased ftom 0 to 200 
joules. 
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1.5.3 Manikin Experiments 
Thermal manikins were originally developed to measure clothing insulation. They are 
human body forms which are heated so as to simulated the heat transfer between humans 
and their thermal environment. Typically, a manikinwill consist of a number of heated 
body segments, in which the temperature can be controlled and monitored. The heating 
elements can be placed at several points, a) on the outer surface of the manikin, b) on the 
inner surface of the body segments or c) within the centre of the manikin. 
The number of body segments can vary, the more individually heated and controlled 
segments the manikin has, the greater the information about heat fluxes over the whole 
body and specifically local areas that can be gathered. 
Roller and Goldman (1968) presented a theoretical model for predicting the solar heat load 
on humans in a given radiant environment. The model consisted* of 6 equations for 
predicting the total solar load on a person. The equations were in pairs each evaluating the 
transmitted and absorbed radiation from direct, diffuse and albedo (reflected) radiation. 
Transmitted direct radiation =Af.. Yp a rI 
Absorbed direct radiation = Afa rp allI 
Transmitted diffluse radiation = Afa (y. ý + 2, vh 
/; r)D r 
Absorbed diffuse radiation = Afa (n + 2yh I; r) allD r 
Transmitted albedo radiation = Af,,,, rh MI 
Absorbed albedo radiation = Afaj rh allAI 
Where 
A= Nude (Dubois) surface area (m) 
I= direct solar intensity (wm-2) 
D= diffuse solar radiation (wmý) 
AL = albedo solar radiation (wnfl) 
a= absorbance of clothing (%) 
.r= transmittance of clothing (106) 
U= reduction in heat dissipation from the sIdn with sunlight (dimensionless) 
rh,, rh,, rh,, and f. are dimensionless ratios expressing the projects or "silhoucttcd7' areas 
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The total solar load is the sum of these six equations. It was found that the average 
absorbed radiation was 40OWrd2 for Caucasian men, for a range of environments (616 to 
808Wm-2). From their experiments they produced a simplified formula for determining 
solar radiation on a person. 
R= AC(Iyp + DPI + T. IP2) - kcal/hr 
Where 
C, rp, PI, and P2 are dinicnsionless ratios 
This model was developed further by Breckenridge and Goldman (1971). The model was 
evaluated using data derived from experiments with a heated copper manikin. Initially they 
found that the model predicted the heat loads poorly. However, when they made 
corrections for the absorptance and transmittance of the clothing and body area exposed to 
direct solar load to the equations, the predicted values were within 4 Watts (SD ± 12W) of 
the measured values. 
Breckenridge and Goldman (1972) evaluated this model further by modifying a factor (U) 
in the equation. 
Where 
clo,,,, is the boundary air layer insulation (clo units) 
f.,,, is Ratio of clothed to nude surface area 
clot is equal to cloi + clo,, Ifd with clo, - being the intrinsic insulation of the clothing (clo). 
They describe U as a 'heating efficiency factor' which had the effect of reducing the 
proposed predicted solar load from absorbed radiation by the factor f,,,,. This factor along 
with improved estimations of actual exposed surface area, improved the accuracy of the 
model. 
One further area that has been looked at in detail, is that of the body surface area of people 
exposed to solar radiation. Because of the directional nature of solar radiation only a 
certain percentage of the body can be exposed to the suns rays at any given time. 
Underwood and Ward (1966) undertook a study to quantify the percentage area exposed 
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to solar radiation. They cited that up until this point a fixed figure of 0.25 n? was taken as 
the area of the body receiving solar radiation, Hardy and Stoll (1954). It was noted that 
the area exposed to the sun would alter with the body posture and orientation of the sun. 
Using a photographic technique they were able, more accurately to determine the 
percentage body area exposed to the sun, for its altitude and azimuth. Figure 1.3 shows 
the section of silhouettes of a subject in various poses, corresponding to the areas 
illuminated by the sun's rays at the angles of altitude and azimuth shown. 
Figure 1.3 Silhouettes ofa subject in various poses (Underwood and Ward 1966) 
Azimuth 
0' 45' 9W 0` 45' 90'0' 45' 90' 
wallang Crouching Seated 
Sbowfling Planting Knmllng 
They found that the percentage body area varied from 25% to 4% depending on the 
altitude of the sun. It was also found that there was no significant difference between the 
percentage body area irradiated for males and females and that percentage area exposed 
was almost completely independent of body size. However, this study only looked at 
people in a standing posture. This is not how most people will actually be exposed to 
direct solar radiation. 
Fanger (1970) also used the same photographic technique, looking at both erect and seated 
postures. This work was primarily to provide mean values for calculation of angle factors 
with the aim of providing greater detail for assessing radiant heat exchange within a room. 
There was good agreement between Fanger's radiation factors and those determined by 
Underwood and Ward for measured altitudes < 60% but the deviation rose steadily up to 
900, where Underwood and Ward's factor was 25% lower. 
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Blazejczyjý Nilsson and Holmer (1992) proposed a modified equation for the calculation 
of solar heat load. Noting that solar radiation was commonly defined as; 
Qdima +fl2*Qdiffim +A*QrcflccW) * a+Cl 
Where 
R= total radiation absorbed (Wm') 
Q= radiation intensity of the 3 individual radiation components 
A, 62,, 63 = weighting cocfficients for the 3 individual radiation components 
(i = coefficient of s1dn and clothing rcflectance 
C1 = clothing factor 
h= angle of sun relative to subject 
They compared the predicted skin temperatures (Tk) calculated from a cylindrical model, 
Krys and Brown (1990), with that of an ellipsoid. Measurements were taken in a climatic 
chamber with a simulated solar radiation source using an ellipsoid temperature sensor 
(BrOel & Kjaer, MM 0023). It was found that radiation absorbed varied greatly with solar 
angle. A set of weighting coefficients were developed; 
, 
81, = cos h (0.25 - 0.001h) 
, 
82, = 0.36 
fl3 = (0.49 - 0.005h) 
Where 
h is the angle of the sun relative to the person 
Correlation between measured and calculated amounts of absorbed solar radiation was high 
(0.93). The predictions for radiation absorbed for both the cylindrical and ellipsoid models 
were compared with previously obtained T* values for exposure to solar radiation, 
BlazejczAk and Krawczyk (1991). It was found that the ellipsoid model gave a marginal 
better result, correlated at 0.74 compared with 0.68 for the cylindrical model. 
Blazejcz)jk (1996) attempted to assess the amount of solar radiation absorbed by man 
using basic meteorological parameters. Data collected from a number of different climatic 
areas was used, solar radiation intensity and cloud cover. In most meteorological studies 
solar radiation is measured in the horizontal plane, here these data are recalculated from the 
equation derived by Blazejcz)jk et al (1992) for a standing nude man (R!, wm-2). 
R! = 0.7[cos h (0.25-0.001 h Qdi,,,,, +0.36 Qdiffuw +(0.46-0.005 h) Qmfltmted I 
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Three regression equations, R*, were calculated for different types of cloud cover, good 
correlation was found between R! and R*, 0.92. 
The studies over the last 30 years that have specifically looked at solar radiation and its 
effect on human thermoregulation, have established that integrating radiation into 
predictive models and heat balance equations is not easy. The work and models reviewed 
here have shown that there is a tendency to over predict the effects of solar radiation on 
humans. From the studies it can be seen that it is important that any models need to 
consider the contribution of both direct short wave length radiation and long wave diffuse 
length radiation. Models should also allow for the percentage body area exposed to direct 
radiation. One area that has not been investigated closely is the relationship between the 
level of solar radiation intensity and thermal sensation. 
1.6 Thermal Comfort 
What exactly is Thermal Comfort? It is defined in the ISO 7730 standard as being "That 
condition of mind which expresses satisfaction with the thermal environment". A definition 
on which there is common agreement, but also a definition which is not easily translated 
into physical parameters. Thermal comfort is therefore a sub ective response, which is 
derived from the effect of the physical environment on the physiological responses of the 
body. It is the interaction of the many parameters that makes the evaluation of the thermal 
comfort so difficult. One of the ways in which thermal comfort can be determined is 
through the use of comfort indices. 
1.6.1 Thermal Comrort Indices 
A comfort index is a simple number that can be used to describe the thermal environment 
and its effect on a person. Numerous thermal comfort indices have been proposed and fall 
into 3 main categories, Direct, Empirical and Rational indices, BOHS (1990). 
1.7 Direct Indices 
Direct indices use environmental measurements with simple instruments that respond to the 
thermal environment in a similar way to humans. The environmental measure that the 
majority of people can readily understand most easily is that of air temperature, however, it 
is a poor indicator of the thermal environment. If we think of the weather report on a 
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summer's day, the air temperature is given on its own. Air temperature alone does not 
give the full picture of how the environment will be perceived, it makes no account for 
solar radiation which can have a significant effect, especially if a person is doing manual 
work in the open. So, for this reason most direct indices incorporate at least two 
environmental measures. Direct indices are widely used around the world in industrial 
environments. 
1.7.1 WBGT (Wet Bulb Globe Temperature) Index 
Developed by Yaglou and Mnard (1957), is primarily used as an indicator of heat stress 
conditions. It is an approximation of corrected effective temperature (CET) with a 
correction for solar radiation. The WBGT measuring instrument incorporates black globe 
temperature, dry bulb and wet bulb air temperature into a single integrated value, 
determined by: 
WBGT ('C) = 0.7t. " + 0.2tg + 0. It. 
For solar radiation conditions and 
WBGT ('C) = 0.7t.,, b + 0.3tg 
For indoor conditions. 
Where 
t,, wb = naturally ventilated wet bulb temperature 
WBGT contains no measurement of air velocity, although increased air movement in solar 
conditions reduces t,, and t,, ý, so there is some correction for the effect of cooling by air 
flow, Kerslake (1972). Yaglou developed safe working limits for the training of troops, 
which aided in reduction of casualties from heat stress. 
1.7.2 WGT (Wet Globe Temperature) 
This uses the temperature of a 63.5 mm diameter black globe covered with a damp black 
cloth. The index incorporates tý, ta, v and ý, and with experience can be used to assess hot 
environments, Parsons (1993) 
In some conditions the body's thermoregulatory system cannot provide sufficient cooling 
power. Either because high levels of humidity restrict evaporation for the My wetted 
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body of the person, or because the body cannot secrete sweat at a suitably fast rate to 
maintain thermal equilibrium. Lind et al (1957) cited in McIntyre (1980) produced a 
simple index, which summed dry and wet bulb temperature, the Oxford or WD index 
V*rD = 0.15 t. + 0.85 t" 
Tolerance times for working in such hot, humid environments were determined. The index 
is not good for any environment where there is a radiative component. 
Direct indices can provide a good, quick approximation of the thermal environment. These 
indices should be used with care, as they have limitations if applied over a wide range of 
environmental conditions. 
1.8 Empirical Indices 
These are developed ftom data collected from human subjects in a known environment. 
Through such experiments over a wide range of conditions it is possible to determine how 
people will feel in them. 
1.8.1 Effective Temperature 
The research of Houghton and Yaglou (1923) led to the development of this index, It is 
not a temperature itself, but an 'arbitrary index of the sensation of warmth experienced as a 
result of air temperature, humidity and air motion. It combines these three factors into a 
single value', (Yaglou 1927). Its underlying principle is that changes in any of the three 
factors may vary greatly as long as the combined effect remains the same. Hence an 
increase in t. must be compensated for with a corresponding decrease in ý or increase in v. 
Effective Temperature does not take into account radiation, although correction can be 
made by using a 150mm black globe thermometer (Corrected Effective Temperature - 
CET). 
Such indices require the user to be experienced with the principles behind them. Often the 
measured temperature will have to be interpreted using a psychrometric nomogram. 
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1.8.2 Equivalent Temperature 
McIntyre (1980) in his review of comfort indices notes the work done by Duflon (1929) 
who showed that air temperature alone was inadequate to define warmth in an 
environment. He developed the eupatheostat; heated black copper cylinder which mimics 
the thermal behaviour of the human body. Dufton developed the concept to produce an 
index, which initially he wanted to call effective temperature. However, to prevent 
confusion with the American Effective Temperature, it was called Equivalent Temperature 
(T, q). Duflon in effect created one of the first thermal manikins, with equivalent 
temperature being derived from the heat loss to the environment over its surface. Bedford 
(1936) analysed a number of indices against sensation votes and found the eupatheostat 
provided the highest correlation, although it was not significantly better than a 150 mm 
black globe thermometer. Humidity is not integrated into the index and it is not suitable 
for air temperatures higher than the surface temperatures of the eupatheostat. 
The equation for calculating Tqwas 
TN (Bffm) = 0.522T. + 0.478T, - 0.214v(37.8-T. ) 
In a modem context Equivalent Temperature (T. J has become a rational index and is often 
derived from measurements taken by thermal manikins. In the last 20 years thermal 
manikins have been extensively used in the automotive field to determine thermal 
discomfort of passengers. Wyon (1982,1985) used a heated dry manikin, Voltman, to 
assess thermal environments in cars over a wide range of operational conditions. The 
manikin is made up of segments representing the human body. These were heated and the 
heat losses to the surrounding environments were calculated and integrated into an 
Equivalent Temperature. 
Nilsson et al (1997) did a comparison of two, 33 segment manikins in both summer and 
winter conditions in a vehicle cabin in a thermal chamber. They also compared the manikin 
results with actual subjective human responses to the same environment. They found that, 
for local body parts, results from the manikins correlated well with subjective responses. 
However, there were differences between the manikins in shape and design segments. This 
suggests that if manikins are to be used a standard design is needed, to provide consistent 
results. s 
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The definition of Equivalent temperature is constantly being refined, and several equations 
for its calculation exist. An approximate empirically derived equation, Madsen et al 
(1984), for tq is 
For v. < 0.1 rn/s 
teq= t,, = 0.5 * (t. + t, ) 
For v. > 0.1 m/s 
týq = 0.55 * t,, + 0045 * tr + (0.24 - 0.75 * 
4va /I- la) * (36.5 - t,, ) 
Where 
t, = operative temperature 
This calculation is suitable for sedentary conditions. The equation does not take account of 
directional radiation sources, such as solar radiation, other than as part of the calculation of 
t'. 
Nilsson el al (1999) defined Equivalent temperature mathematically for measurements 
taken with a manikin as: 
Q. t = h., * (t. - t,, q) 
t. q =L* (Q / h. 1) 
Where 
= dry heat loss for the homogenous, standard environment. 
= dry heat transfer coefficient, determined during calibration of the manikin. 
is the surface temperature of the manikin. (OC) 
Q= measured manikin heat loss. 
t. q = temperature of the uniform homogenous environment. . (OC) 
It should be noted that when using this calculation it is important to specify the clothing 
used for the assessment of the environments as this can affect ka. 
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1.9 Rational Indices 
Rational thermal indices are based upon the principle of heat balance. If a body is to remain 
at thermal equilibrium then the heat energy into the body must be balanced with the heat 
energy leaving the body. 
M±K±C±R-E=S 
Where, K (conduction), C (convection), R (radiation), E (evaporation) are heat transfer 
components, M is metabolic heat production and S is heat storage. If the body is in heat 
balance then S=0. Therefore, any rational index will need information about the 
environment and activity of the people in it, in terms of the six basic parameters, (t, t,, v, 
met and Clo). 
There are a number of rational indices that have been developed over the last 70 years, as 
scientists and engineers have tried to quantify an environment in terms of a single number. 
Several of the indices are described and discussed here. 
1.9.1 Operative temperature, T., 
Herrington, Winslow and Gagge (1937), defined operative temperature as the temperature 
of a uniform black enclosure in which a human occupant would exchange the same amount 
of heat by radiation and convection as in the actual non-uniform environment, and is 
defined by the equation: 
T. +h, (T,, - T. ) / 
Where, 
h, = linear radiation exchange coefficient. 
h,, = is the combined cocfficicnt, (k + k), with h, being the convective heat transfer coefficient. 
Operative temperature is effectively a weighted average of t, and t,,. It works well when 
the radiant temperature does not deviate significantly from air temperature. If the 
constituent components of tý vary greatly, then it becomes necessary to consider the 
relative absorptance of the body surfaces with reference to the dominant heat source. 
Operative temperature is a direct measure of the environmental heat stress on a human 
subject due to sensible heat loss alone, Gagge (198 1). 
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1.9.2 New Effective Temperature (ET*) 
ET* is defined as the temperature of an imaginary uniform black enclosure at 50% RH in 
which a human subject would have the same total heat exchange by radiation, convection 
and evaporation as they would in the actual envirom-nent, Gagge, (1981). ET* is defined in 
terms of T,,, integrating t, t., and p. into a single index. Skin wettedness w and the 
permeability index i.. are constant and need to be specified for the specific environment 
being assessed. ASHRAE (1993) provide this equation for the calculation of ET*, 
ET* = T. + wi,, * LR * (Pa - 0.5 
PET-, 
ý) 
Where 
PET-, s ý saturated vapour pressure at ET*, kPa, 
LR ý Lewis ratio, OC/kPa, this ratio describes the relationshiP between convective heat transfer 
and mass transfer coefficients at a surface ("). 
Curves of ET* can be plotted for given clothing and activity levels. As ET* is dependent 
upon clothing and activity level, it is not possible to plot a universal chart. 
1.9.3 Standard Effective Temperature (SET*) 
Work done at the Pierce Foundation, in USA, had investigated the issues of 
thermoregulation and discomfort during sweating. Skin wettedness is an excellent 
predictor of discomfort during regulatory sweating, McIntyre (1980). Skin wettedness is 
the ratio of the actual evaporative loss at the skin surface to the maximum loss that could 
occur in the same environment. It does not imply anything about the rate of evaporative 
loss, but relates to the perception of sweating and discomfort in the heat. Mean skin 
temperature (Tk) is also an important factor in determining heat loss. During evaporative 
thermoregulation, skin temperature changes slowly with the ambient temperature. When 
environments are cool, skin temperature reacts strongly as a function of the ambient 
temperature, making it a good predictor of thermal sensation, McIntyre (1980). 
Skin wettedness is used as the basis for SET, this is defined as the temperature of an 
imaginary uniform black enclosure at 50% RH in which a subject, while wearing clothing 
standardised for the activity concerned, would have the same heat stress (skin temperature 
Týk) and thermoregulatorY strain (skin wettedness w) as the actual environment, ASHRAE 
(1993). The evaluation of SET requires two separate sets of calculations. First, 
determination of Trk and w for the person, this can be done by direct measurement or by 
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calculation. Gagge etal(1971) had developed a two node model of thermoregulation. The 
model is based upon considering the body as two components, a central core and the skin. 
Metabolic heat is produced in the core (T. ), with a proportion of the heat lost directly via 
respiration and the remainder via conduction to the skin surface. Heat loss at the skin 
surface (T&) is considered to occur in two forms, a) by evaporation and b), by conduction 
through the clothing, to be losses by radiation and convection. 
The thermoregulatory responses of the body in the model are given by the following 
equations; 
Sweat production, E, is determined as a function of mean body temperature, Tb(*C) 
above its set point. 
E. = 13 6[Tb -36.34] exp([T,, k - 34]/10.7) 
Metabolic rate, increase in activity level is defined as 
AM= 19.4 (34 - Tw] * [36.6 - T,, ] 
Variation in body conductance by vasodilatation and vasoconstriction, heat flow from the 
core to the skin, 
H. k = K(T, - 
Tsk) 
Where, 
K is conductance (Wr&2 K) derived from the following equation 
K= 5.28 + (7.33 + 175[Te 
,,, -36.61) 
/ (I + 0.5[34 - 
Trk]) 
Vasodilatation is controlled by the elevation of the core temperature and vasoconstriction 
by decrease in the skin temperature. These equations provide the information to predict 
T. kand w, which is necessary for the calculation of SET. The output of the two node 
model itself provides a prediction of the physiological state of the body and hence the state 
of thermal comfort. 
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1.9.4 Comfort Equation 
It was the wide range of indices, which were difficult to use in practical situations by 
people who were not experienced in their application that led to Fanger devising a simple 
thermal comfort index. It was envisaged that the index should incorporate the six basic 
parameters into a single equation, accounting for the interactions between each of the 
variables. The major shift from previous philosophies regarding thermal indices, was to 
define comfort in physiological terms of the person, rather than that of the environment 
that the person was in. The rational that a person senses changes in skin temperature rather 
than in air temperature meant that the person experiencing the conditions was the 
important factor. 
Fanger set out 3 conditions for thermal comfort: 
1. The body must be in thermal equilibrium. 
2. Mean skin temperature is at a level appropriate for thermal comfort. 
3. Sweating is at a preferred rate for comfort. 
if we consider these requirements in greater detail it is possible to understand the 
philosophy behind this model further. 
When the body is in thermal equilibrium, the heat losses and heat gains to the body are the 
same, giving zero heat storage. This implies a steady state condition, if the body is not in 
heat balance, then it will quickly adapt to maintain this balance. If it is cooler than required 
shivering and vasoconstriction will start to increase metabolic heat production and reduced 
heat losses from the body surface. If it is too hot, sweating and vasodilatation occur to 
increase heat losses from the body. It is not sufficient for comfort to merely maintain heat 
balance, as this can be done in conditions which are far from thermally comfortable, 
Mclntrye (1980). 
In respect to this, the interaction of the environmental parameters that will result in thermal 
neutrality. Thermal neutrality is achieved when the environmental parameters placed into a 
thermal index give a thermal sensation response of zero (neutral). It is therefore possible 
to determine an air temperature that the majority of occupants would have a thermal 
sensation response of neutral. In these conditions the occupants should predominately feel, 
neither, cool or warm. Thermal neutrality differs from thermal comfort in that people can 
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be comfortable away from temperatures that would not be considered thermally neutral. 
Thermal sensation is related to mean skin temperature. Fhe skin is the thermal inter-face of 
the body, temperature receptors are widely distributed over the whole body. Some areas 
of the body have higher concentrations of temperature receptors than others. these are 
predominately the fingers and toes, and to a lesser extent the hands and feet, Clark and 
Edholm ( 1985). Currentiv it is not known whether there are specific temperature receptors 
for hot and cold sensations, The receptors respond to changes in temperature, which are 
transmitted via the afferent nerve to the hypothalamus. So it can be seen that these 
sensations have a direct response on the thermoregulatory control mechanism in the brain. 
Ga(-, L, e ci til ( 19b7) presented relationships between mean skin temperature, thermal 
sensation and comfort, I-igure 1.4. It shows that a mean skin temperature of approximately 
3')'C will provide neutral thermal sensation with subjects being comfortable. Deviations 
1'rom this 'comfort' skin temperature have a rapid effect on thermal sensation, but 
decreases in comfort do not occur so rapidly. 
Figure 1.1 - Comparison between mean skin temperature. Mermalsensation and comfi)rt 
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As the metabolic rate increases, the mean skin temperature will decrease; Fanger 
determined mean skin temperature with the following formula; 
t, = 35.7 - 0.032 H/A,,. 
Where, 
H= internal heat production of the body (Wnf2) 
Using this it is possible to see the effect of an increase in metabolic activity on mean skin 
temperature. Where, 50 wnf, = t, 34"C, whilst, 150 wnf2= t. 3 PC. 
Swcat secretion at thermal neutrality was found to be zero. Although, as metabolic activity 
increases moderate sweating is necessary to maintain thermal comfort. Previously it had 
been assumed that for comfort conditions a mean skin temperature of 33 - 34'C and with 
no sweating were required. Fanger notes that this is only the case for sedentary tasks. 
Taking these criteria into consideration, Fanger proposed a theoretical heat balance 
equation for comfort, based on the criteria that for constant, moderate thennal conditions 
the body's heat production would be equal to its heat dissipation. The equation was; 
H- Ed - E. - E.. -L=K=R+C 
Where, 
H= internal heat production (Wnf) 
Ed = heat loss by water vapour diffusion through the skin (%VM-2 
E., = heat loss by evaporation of sweat from the surface of the sIdn ffmý) 
E. = latent respiration heat loss(Wff2) 
L dry respiration heat loss (Wnf2) 
K heat transfer from the skin to the outer surface of the clothed body (conduction through 
clothing) (Wff) 
R= heat loss by radiation from the outer surface of the clothed body (Wni-2) 
C= heat loss by convection from the outer surface of the clothed body (NVrn-2) 
The equation defines internal heat production minus heat losses via evaporation (Ed - E,, ý) 
and respiration (E,,. - L) being equal to heat conducted through the clothing (K) and 
dissipated at the outer surface of the clothing by radiation and convection (R + Q. 
Evaporation (Ed & Esw) is assumed to take place at, or beneath, the surface of the skin. 
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The factors in the theoretical 'comfort' heat balance equation were defined ftom 
expressions in literature, where; 
H=M-W 
Ed (wrrO) = 0.31(2.56Tk - 33.7 - P. ) 
E,. (wni4) = 0.36(H-58) 
F. (wnf2) = 0.0017M(58.7 - Pj 
L=C,,. (wm-) = 0.0014M(34 - T. ) 
K= Aw 0.18 LI 
)4 )41 Wfff2) =f R( fffýjv: Tj(Fj+273 -(T,, +273 
C (W. C2) =fi k. (T. i - TO 
Where, 
c= emittance of clothed body, taken as 0.97 
f, ff = effective radiation area lactor 
fj = ratio of clothed to unclothed body surface arcafi = (1 + 0.15 1.,. ) 
hc = convectivc heat traWer coclricicnt 
Definitions, Fanger (1972) and McIntyre (1980) 
When the various heat loss terms are placed in to the heat balance equation it gives the 
following equation; 
M-0.305(5.73 - 6.99(M - W) - P. ) 
- 0.42[(M- W) -58.15] 
- 0.0017M(5.87 - P. ) 
- 0.0014 M(34 - ta) 
= 3.96 x 10-8fif(tc, + 273)4 - (t, + 273)41 
+f, l k (t', - t. ) 
Where, 
tcl = 35.7 - 0.0275 (M - W) - 0.1554ý1 [(M - W) 
- 3.05(5.73 - 0.007(M - W)- Pj 
- 0.42 [(M - W) - 58.151 - 0.0173M(5.87 - P. ) 
0.0014M(34 - ta) 
Note, 1,1 isfound iteratively. 
hc 2.3 8(tj - LP25 for 2.38(ta - Lp > 12. 
Ov or 12.14v for 2.38(tj - tf-'5,12.1,4v 
f, j 1.0 + 0.21,1 for 1,1 < 0.5 or 1.05 + 0. II,, r for I,, r > 0.5 
These equations will provide the heat gain or loss for a person in a given environment with 
specified activity level and clothing. it should be noted that met and clo are usually 
estimated values. The equations can be particularly sensitive to these estimated providing a 
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range for the possible index values. The comfort equation only gives information about 
how the environmental and personal variables can be combined to provide optimal thermal 
comfort. It is from this point that Fanger derived an index thatwould provide a prediction 
of a person's thermal sensation for any given combination of environmental conditions, 
clothing and activity levels. Fanger posed the following question "How can a physical 
expression having relation to the thermal sensation, be established for deviations from the 
comfort equation? " 
1.9.5 Predicted Mean Vote 
Considering that the body is capable of maintaining heat balance over a wide range of 
environmental variables via the use of thermoregulatory control mechanisms, 
(vasodilatation, vasoconstriction, sweating and shivering), thermal comfort occupies only a 
small part of this range. As the body deviates from comfort conditions the load on the 
thermoregulatory mechanism increases. Fanger proposed that the thermal sensation of a 
person at a known activity level is a function of the thermal load (L). The thermal load can 
therefore be considered as the physiological strain upon the thermoregulatory mechanisms 
to maintain comfort. 
The following equation was proposed as a description of the relationship between thermal 
sensation and physiological strain; 
Y= f(L * IWAD. ) 
Where, 
Y= mean vote on the ASHRAE thermal sensation scale 
f= function relating mean vote to thermal load and internal heat production 
From this theoretical point it was necessary to establish the nature of the functional 
connection between L and II/AD,, and thermal sensation. To establish the relationship 
Fanger took experimental data from Nevins el al (1966) for sedentary people across a wide 
range of environmental conditions, from McNall et al (1967) for sensation over a variety of 
activity levels, and from Fanger (1970) for inter personal differences. All the experiments 
used the same protocol, with subjects rating their thennal sensation on the ASHRAE scale. 
This gave a database of 1396 sensation votes for a variety of environmental conditions and 
activity levels, the same clothing level was maintained throughout all experimental 
conditons. 
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Using these data the relationship between Y and ambient temperature t, (t, = t, ), were 
found, the connection was also determined between t and L, see table 1.4. 
Table. 1.4- Connection between Afean Vote and Ambient temperature at Four aclivity levels. 
Activity Metabolic rate Mean Vote Y 
Sedentary 50 Y= -3.643 +0.331t 
LOW 80 Y= -3.643 + 0.175t 
Medium 106 Y= -3.356 + 0.174t 
High 135 Y= -4.158 + 0.265t 
These relationships also enabled Fanger to determine the connection between Y and L, by 
plotting an exponential curve for Y=0. The equation of the curve was; 
BY/8L = 0.352e"O-042('ý'LAj). )+ 0.032 
by integration the equation for mean sensation vote was determined 
Y= (0.352C70.04WA DU) + 0.032)L 
ForY=OthenL=o 
This relationship between physiological strain and sensation vote enabled Fanger to 
produce the Predicted Mean Vote equation. 
PMV = (0.352d"G'm2" + 0.032) 
(M - W) - 0.305(5.73 - 6.99(M - W) - Pj 
- 0.42[(Nl- W) -58.151 
-0.0017M(5.87-P. ) 
- 0.00 14 M(34 - tj 
+ 3.96 x 10-8fijf(týj + 273)4 - (k + 273)4j 
+f, l k (LI - tj 
This index provided the user with a single figure output that could be easily related to how 
people would perceive a given environment. This comfort index would become the 
dominant model for assessing and evaluating human thermal comfort over the next 30 
years. Its ease of use, particularly with the advent of personal computers has made it a 
valuable tool for Ergonomists, Civil Engineers and Thermal Physiologists. It was adopted 
as the preferred method for assessing thermal comfort in moderate environments by the 
International Standards Organisation, (ISO 7730). 
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1.9.6 Predicted Percentage Dissatisfied (PPD) 
The PMV index gives the predicted mean vote of a large group of people exposed to a 
given environment. fhe output of the index is a sensation point on the ASUIRAE scale, but 
what does this mean with regards to the satisfaction of people in that environment'ý Fanger 
suouested that due to inter personai differences people will not all respond to a given 
environment in the same way. Again using the data pool from which the 13MV function 
had been determined. analysis was conducted to determine the percentage of subjects 
dissatisfied with the thermal environment. The mean of the last three sensation votes was 
taken from each of the experimental conditions. Fanger considered that 'dissatisfied' 
subjects were those voting cool, cold, (-2, -3) and warm, hot, (+2, +3). Using probit 
analysis two straight-line relationships were produced for warm dissatisfaction and cold 
dissatisfaction. The intersection of the two lines were at 25.60C, Figure 1.5. 
l, 'Iglire I. J Comparimin (ýt ivarm vs coid disum. s. lied 
66 68 70 72 74 76 76 80 82 84 96 so 90 -F 
AMBIENT TEMPERATURE 
This temperature was equal to the optimum temperature calculated by the comfort 
equation and to the preferred temperature as defined in an earlier studv by Fanger. Using 
smoothed estimates of the propoi-tions of the cold and warm dissatisfied votes a sint4le 
curve was plotted, Figure I. b 
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Figure 1.3 Predicted Perceniqge ol'Arssatisfied ýIS 47.1107C11017 ol'Predicted Afean Vote 
,a seml- 
loganthmic plot, the curve of Predicted Percentage Dissatisfied (PPD) Using is 
plotted as a function of the Predicted Mean Vote. The PPD curve represents the 
percentage of people AN-ho would be dissatisfied ýxlth a given environment based on the 
Predicted Mean Vote. Fanger had noted that there were inter-individual differences, where 
some subjects had described the optimum thermal conditions as either warm or cool, rather 
than neutral. It was concluded that in what may be considered 'ideal' thermal environment 
a number of the occupants would be dissatisfied, I-or this reason the PPD curve reaches a 
minirnum percentage dissatisfied of 5% at PMV =0 (neutral). Deviation from PMV 0 by 
0.5 PMV would result in the percentage dissatisfied increasing to 10% of the population. 
After this point the percentage dissatisfied increases rapidly as PMV deviates further from 
zero. 
Fanger, with his comfort model, had integrated physiological responses, with 
psychophysical responses (thermal sensations) to provide an index which would describe 
the thermal environment and then make a prediction upon how satisfactorv it would be to 
the occupants. It is the relatively simplistic way in which the results of the calculations can 
be presented from this model that has made it the dominant thermal comfort model of the 
last 30 years. Many subsequent studies have assessed the model across a wide range of 
built environments, Loveday el al ( 1998). Brager and de Dear (200 1). The results have 
generally concluded that It is a robust and valid model, 
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One area of weakness that has been found in the IINIIV model is its sensitivity to humiditV 
in warm environments. 6agge, Fobelets, and Berglund (1986) found that the PMV did not 
accurately predict thermal sensation responses for environments where humidity was either 
high (above 70%) or low (below 30%) humidities. 6agge et al introduced the PMV* index 
to predict warm discomfort better. The improvement replaced the Operative Temperature 
in Fanger's PMV model with ASHRAE Effective Temperature (E'F*). At neutral and cool 
temperatures, the slopes of the Ef' lines are similar to air temperature but become more 
affected by humidity as the temperature increases, Berglund ( 1988). Figure 1.7 shows 
PMV, PNIN' and warm discomfort, plotted for three humidity levels (20.5U and 801"o) 
a0ainst operative temperature- 
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When sweating does not occur PMV and PMV* values are equal. PXIIV* does seem to 
provide a better prediction of thermal comfort in extreme humidities. The work of Fanger 
(1970) and Rohles and Nevins (1971) determined that the effect of humidity 'near comfort' 
conditions is relatively unimportant. However, for the assessment of environments that are 
likely to impose greater thermal strain on the occupants, especially in terms of humidity, 
then PMV* would provide a more accurate prediction. Because of the subtlety in the 
change of calculation of the PMV* index over PMV and the widespread acceptance of the 
Fanger model, the changes suggested by Gagge et al have not seen their way into common 
use. 
1.9.7 Adaptive Model 
The model for thermal comfort prediction proposed by Fanger, (widely used through 
ASHRAE 55, ISO 7730) uses as its core the heat balance equation. In the last 15 years 
another model has also become popular, that of the adaptive model. The theory behind this 
model is that factors beyond the traditional 4 environmental parameters (t, t, ý, & v) and 
the personal parameters (met & clo) influence a persons perception of thermal sensation, 
Brager and de Dear (2001). It is suggested that exterior temperature amongst other 
factors, previous life experiences, acceptability and preference, will affect the thermal 
comfort perceptions of a building's occupants. ASHRAE funded a large scale survey of 
buildings throughout the world, using a standardised procedure. It was found that the 
PMV predicted thermal comfort conditions accurately in HVAC (Heating, Ventilation and 
Air Conditioned) buildings, based on outdoor temperature. However, this was not the case 
when data were collected from NV (Naturally Ventilated) buildings. From these findings a 
proposed Adaptive Comfort Standard (ACS) was proposed. Here, Optimum comfort 
temperature, T.. f, are characterised in terms of the external mean dry bulb temperature, 
T,,,, j. The equation was; 
T,. f = 0.31 * T.,. t + 17.8 (T) 
It was found that for external conditions, t. < 23T, the ACS operated well in naturally 
ventilated buildings, with mean thermal sensations being within ±0.5 scale values of the 
actual thermal conditions. Whilst, for external conditions, t. :: 9 23T, indoor temperatures 
frequently rose above ASC comfort limits, with mean operative temperatures of 30' which 
produced a mean thermal sensation vote of 1.0, 'slightly warm'. 
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The adaptive model suggested does not account for high levels of direct radiation. It is 
interesting to note the adaptive philosophy, in certain contexts, a stressful environmental 
parameter, can become a pleasant one in another context, eg. Solar radiation, in the 
summer, when t. is high, can add to the heat stress, whilst in the winter, when t. is low, it 
can give a pleasant feeling of almost thermal neutrality. 
1.9.8 Discussion 
There are a wide range of existing predictive models for thermal comfort. The accuracy of 
any predictive index improves as the number of environmental parameters included 
increases. Direct and empirical indices can provide useful information about the 
environment and how people may perceive it. The outputs from the indices often need to 
be interpreted with care by experts in their use. 
Rational models based upon heat balance equations have been dominant over the last 35 
years, and look like continuing to be the preferred method of quantifying an environment 
and a persons thermal state in that environment. The predominate model in the world at 
the moment is the Fanger model as defined in ISO 7730. There is a good argument for 
improving its predictability in environments with extreme humidity levels as put forward by 
Gagge el aL Changes along these lines in evaluation and predictive Standards seem 
unlikely, possibly because of the relative complexity for determining PMV* in comparison 
with PMV (ISO 7730). This combined with the fact that Architects and Civil Engineers 
are aiming to design these extreme conditions out of our environments mean that it is 
unlikely that any index is going supersede the Fanger model in the near future. 
1.10 Gender 
The menstrual cycle is known to affect the internal body temperature of females over the 
period of the cycle, (Mdgley and Jaffe, cited in Fanger (1970)) . Fanger found that there 
were no significant effects between thermal comfort responses between females and males 
despite the known changes in internal temperatures. 
However, there is some evidence of differences in the preferred comfort temperatures 
between males and females. Bedford (1936) showed that men preferred cooler 
temperatures than women, but subsequent studies have not found such a large difference 
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between sexes, Fanger and Langkilde (1975). Trends for females to be more sensitive to 
thermal deviations from thermal neutrality have been shown in several studies, Rohles and 
Nevins (1971), Breslin (1995), Hodder et al (1998). McIntyre (1980) in his review of 
studies conducted at Kansas State University (KSLT) found that the slope of a regression 
line (warmth vote vs temperature) for females was steeper than for males. This suggested 
the female response to temperature change was faster than for males, with females getting 
hotter or colder significantly quicker than males. One of the factors that varies noticeably 
between the sexes is clothing. Variations in clothing insulation within a given environment, 
may vary significantly between male and females. 
1.11 Thermal Comfort in Vehicles 
Much of the thermal comfort research has been undertaken in buildings, which tend to be 
far less complex environments than vehicles. Vehicles are prone to considerable 
fluctuations in environmental conditions; rapid changes in air temperature, solar radiation, 
and air movement. This presents problems in the evaluation and prediction of the thermal 
environment in vehicles, especially as the Fanger/ISO model is for steady state conditions. 
Reed and Massie (1996) found that 98.3 % of all journeys in America were less than one 
hour with 91.7 % being 30 minutes or less. This would mean that, for the majority of 
journeys, occupants are exposed to transient environmental conditions during their periods 
of travel. 
Rohles and Wallis (1979) note that the 'staggering' radiant heat load felt in the summer 
had resulted in the rapid introduction of air conditioning in two thirds of new vehicles 
produced in the United States. They investigated the effect of different air conditioning 
units upon occupant thermal comfort. Their investigation was conducted in a large 
environmental chamber, in which a complete car was placed. Subjects were exposed to a 
range of environmental conditions simulating both summer and winter conditions, and 
within these a range of air conditioning set-ups and settings. They found that occupant 
comfort was determined by 2 air masses; 
1. the ambient air surrounding 80% of the body, 
2. the moving air flow blowing on the upper 20% of the torso. 
They concluded that a human factors approach to the assessment of the air conditioned 
vehicle environment was valid and reliable. Ternming and Hucho (1979) developed a 
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predictive computer programme to determine and plot air flow patterns in occupant spaces 
in their work to define the air conditioning requirements for heating/cooling in cars. 
However, they did validate this by conducting any experimental work with human subjects. 
The development of Computational Fluid Dynamics (CFD) programmes in the last ten 
years has been considerable for the prediction of the behaviour of air flow within passenger 
spaces, Delia Rolle et al (1992), Ingersoll et al (1992), Currie (1997), Mau6 et al (1997) 
Although only recently have they been integrated with the more complex thermal comfort 
models. Zimmy et al (1999), developed a predictive modelling programme called 
INKAMLL for the evaluation of vehicle occupant spaces. This software used two 
programmes; INKA, to calculate environmental parameters and TILL, to calculate thermal 
responses of the occupants. Actual environmental tqmeasurements were compared with 
predicted responses, but with limited success. This was considered to be due to poor basic 
parameters, suggesting that is is important to know the environmental conditions within the 
occupantspace. 
Temming (1980) in a review of work to date on the comfort requirements of motor 
vehicles, found that it was not possible to make the same assumptions for these 
environments as those of buildings. It is suggested that the wide range of variation in the 
environmental parameters mean that the cffcctivencss of the Fanger comfort equation is 
limited. Internal air temperature was found to be a parameter that fluctuated significantly 
with external temperature. Air velocity, over which the occupants have the most control, 
can be actively used to improve the thermal comfort of the occupants depending upon the 
requirements. Radiant temperature was considered to have a significant effect on the 
occupant space, with its effects being far greater than that found in buildings. Humidity, 
however, was considered to be the parameter that needed the least amount of consideration 
in such environments. 
Madson et al (1986) reported that determining thermal comfort in automotive vehicles was 
more complex than for buildings, with a major factor being the intensive and non-uniforin 
influence from solar radiation. They found that it was insufficient to measure air 
temperature at floor and torso height, as this gave occupant space temperatures several 
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degrees lower than those felt by the occupants. They also found that it did not adequately 
measure the effect of solar radiation. The significant contribution of solar radiation on the 
thermal comfort of vehicle occupants was also noted by O'Neill (1979), Bohm et al 
(1997), Parsons (1992), Parsons and Entwistle (1983). 
Vertical temperature differences within the occupant space of vehicles make them very 
different from the homogeneous thermal environments for which many comfort models are 
designed. Matsunaga et al (1993) evaluated these temperature gradients using a thermal 
manikin. Measurements with the manikin were taken in a stationary truck cab, with both 
direct solar radiation (827Wni2 measure on the roof of the cab) and with no direct solar 
radiation, each exposure was 30 minutes. The truck also had its HVA system on. Ambient 
air temperature in the cab was measured at approximately 32"C (solar) and 29'C (no 
solar), with the air from the vents at I 50C. A difference of PC in equivalent temperatures 
over the whole body was found. A direct comparison of the right thigh, which was the 
area most exposed to the direct solar radiation, found a change in equivalent temperature 
from 25"C (shaded) to 42'C. This gives an indication of the significant effect that solar 
radiation can have on exposed body parts. 
Whilst, there is a considerable body of work looking at the thermal properties of vehicle 
seating and comfort in chamber experiments, Huston et al (1996), these studies have 
concentrated on the interaction of the occupant with the seat materials. 
Fung and Parsons (1993) undertook an extensive study of different seat materials, 16 
subjects evaluating 24 different seats. Subjects were exposed to ambient thermal conditions 
of 340C t., RH 35%, t, = t., and still air. Subjects rated their thermal sensations, sweat loss 
was also measured. Hydrophillic seat coverings were found to be the most satisfactory. 
The hydrophillic seat coverings aid in the pulling of moisture away from the surface of the 
seat, allowing the sweat to be pulled away from the skin and surface of the clothes. The 
seats that performed worst were ones with impermeable barriers either in the seat covering 
material or in the form used for upholstery. Fung (1997) later analysed the subjective data 
in conjunction with further laboratory based experiments on seating materials. It was noted 
that whilst it was possible to rank seating materials with reference to their various 
properties for removing moisture, it was not possible to produce a specification for the 
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most suitable materials that provide good thermal comfort. The widely varying conditions 
within the occupant space, various clothing ensembles worn, duration of time seated and 
inter-personal preferences made it very difficult to deduce the ideal seat materials. Madsen 
(1993) found in a study with a thermal manikin that ventilated seats could improve the 
removal of heat. Heat losses from the body parts in contact with the seat surface were 
greater than those for standard un-ventilated seats. 
Whilst there are a limited number of studies investigating thermal comfort in cars there is a 
considerable body of work that has been conducted on sitting comfort. This work has 
tended to focus on vibration and its effects on comfort, anthropometric factors and ride 
quality, Huston et al (1996), Reed and Schneider (1996). Much of the work conducted on 
heating and cooling systems for vehicles focuses on the mechanical performance, the 
efficiency of HVAC systems and their ability to reach certain temperatures in given times. 
Yet, the amount of work done investigating the effectiveness of these systems in providing 
acceptable human thermal environments is limited. Often evaluations of the environments 
are done with Computational Fluid Dynamics (CFD) analysis, these computer models 
evaluate the expected air movement and temperature distribution within the occupant 
space, 
Tanaka et al (1992) determined that thermal sensation of vehicle occupants depends on 
skin temperature and the rate of change of skin temperature. They developed a thermal 
sensation equation. They found that thermal sensation was related to the skin temperature 
of the face. With this information in mind they designed on air conditioning system using 
face skin temperature measured by infra red sensor as the control mechanism. An 
experiment was conducted in an environmental chamber with a complete vehicle with an 
unspecified number of male subjects. The environmental conditions were 50'C with a 
simulated solar load of 686Wm72. Subjects gave their thermal sensation votes over a 30 
minute exposure. They found that using the skin temperature control model that they could 
achieve the desired thermal sensation vote (-2, cool) in approximately 10 minutes. Skin 
temperature was found to drop 4'C during this period, from 36 to 321C. The sensation 
vote reduced 6 scale points over the same period (+4 Very Hot to -2 cool), this shows the 
highly sensitive nature of the human thermal sensation response. The experiment was also 
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repeated with an external air temperature of 0', and no solar load, a similar result was 
found for the heating of the vehicle. It was also noted that desired comfort conditions were 
influenced by the external air temperature. 
There have also been several studies investigating use of advanced systems using neural 
networks, Ueda et al (1992) and ffizzy logic systems, Gach et al (1997) for evaluation and 
control of vehicle occupant spaces, with limited success. This does show the way that 
complex control systems may be able to improve the thermal comfort in vehicles in the 
future. 
The number of investigations using human subjects is particularly small when compared 
with the number of investigations conducted in buildings. The constantly changing 
conditions of both the internal and external environments of the vehicles makes it 
particularly difficult to study. As consumers constantly demand more of their vehicles, so 
the need for greater understanding of thermal comfort in these complex environments must 
match their desire for a more thermally comfortable journey. 
Page 40 
1.12 Conclusions 
The effects of the four environmental parameters need to be considered within the 
assessment and evaluation of a vehicle environment. The effects of t., t, v and ý on human 
thermal comfort have been well documented over the last 70 years, Bedford (1936), Gagge 
et al (1967), Fanger (1970), Griffiths and McIntrye (1976), Rohles and Nevins (1971) 
amongst many others. We can deduce several things from the information provided by 
these studies and the specific investigations into the effects of solar radiation and thermal 
comfort in vehicles reviewed here. 
1. t. in a vehicle can be greatly influenced by t. externally. 
2. Air velocity, can be used effectively to heat or cool the environment to comfort 
conditions. 
3. Relative humidity is a parameter that is unlikely to have a major effect on occupant 
thermal comfort, other than in extreme circumstances. 
4. Radiant temperature, especially the solar radiation component, is a dominant factor 
affecting the thermal comfort in the vehicle. 
5. The relationship between solar radiation and thermal sensation is not known. 
There are a number of the thermal comfort indices, PAW, SET, Tq, these take into 
account radiant energy in the form of mean radiant temperature. No allowance is made for 
the wavelength of the radiation. In buildings, radiation tends to be long wave (infra red), 
however in vehicles the exposure of the occupants to radiant energy of broader 
wavelengths in the form of solar radiation is inevitable. 
A number of questions are raised from the literature reviewed here. What is the 
relationship between solar radiation intensity and thermal sensation? Does the spectral 
property of the radiation have an effect? How do the effects of short wavelength direct 
solar radiation combine with the effects of long wavelength radiation from internal 
surfaces, such as the dashboard? 
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The aim of thework conducted in this thesis is to provide baseline data for the effects of 
solar radiation on thermal sensation and determine how this information can be better 
integrated to assess vehicle thermal comfort. 
Therefore, it is important to establish the effect of direct visible and non visible radiation on 
human thermal comfort, irrespective of other environmental parameters. This will provide 
a better understanding of how the body integrates radiant energy and the psycho- 
physiological response that it causes. This thesis aims to establish the effects of solar 
radiation on whole and local body thermal comfort of vehicle occupants, and develop a 
predictive model that integrates the effects of this radiation. 
The thesis uses laboratory studies to investigate four specific effects of solar radiation on 
human thermal comfort; the effect of radiation intensity, spectral content of radiation, 
glazing type and the combined effects of direct short wavelength radiation and long 
wavelength radiation from internal components. Analysis of these results vvill lead to a 
predictive model which will be validated in field trials. 
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2. Experimental methodologies 
2.1 Chapter summary 
This chapter introduces the experimental research methods used to investigate the issues in 
this thesis. it introduces techniques and their selection as suitable methods for evaluating 
the thermal environments investigated. it also describes the construction of the solar 
simulation chamber that was used and details the experimental protocol and procedures 
which were used exclusively in the laboratory experiments. 
2.2 Introduction 
Thermal comfort has primarily been investigated in two manners: 
1. Experimental laboratory studies where a high level of control can be maintained over 
the experimental conditions, Yaglou (1927), Nevins et al (1966), Fanger (1970), but 
there is a loss of the 'real world' environment (face validity). This method allows the 
experimenter to tightly control environmental and personal parameters whilst carefully 
manipulating the independent variable. 
2. Field trials or survey's; prominent work done has been in this field by Bedford (1936), 
Auliciems and De Dear (1986), and Humpherys (1976). Whilst these investigations 
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have a high face validity, they are low on control. The experimenter has little or no 
control over the environments they investigate, evaluating the conditions presented to 
them. In real environments it is often difficult to establish the main effect of a variable. 
Previous investigations into the effects of solar radiation on human responses, have fallen 
into three main categories 
1. Laboratory experiments vAth human subjects 
2. Field experiments vAth human subjects 
3. Experiments with manikins 
2.2.1 Laboratory Experiments with Human Subjects 
As can be seen from the literature review in chapter 1, the number of studies of this type 
have been limited. The main area of weakness in studying solar radiation in a laboratory is 
the reproduction of sun's energy. It is important that any simulated solar radiation source 
mimics as closely as possible that of the sun's radiation spectrum. 
2.2.2 Field Experiments with Human Subjects 
When conducting field work the experimenter is often left with the weather conditions that 
the environment provides. Using human subjects there is often a fixed or limited time 
available to undertake the experiments, so predictable and reliable outdoor conditions are 
required. Studying the effects of solar radiation in the field would mean that the 
experiments would have to take place in an area where the environmental conditions would 
be the same over a number of days. In the automotive industry, areas such as Death Valley 
(USA), Southern Italy, and Southern Spain are often used. This makes the logistics of 
such studies problematic, as equipment and subjects need to be transported to remote 
locations. Examples of published work in this area have come from military sources, 
Shaprio et al, (1995), where the resources available to experimenters are significant. 
2.2.3 Experiments with Manikins 
These studies can be conducted either in the laboratory or in the field. The use of the 
manikins is a lot more flexible than the use of human subjects. However, one of the issues 
with using manikins involves the way that they integrate the solar radiation. Primarily, 
manikins work on the basis of determining heat loss, calculating the amount of energy 
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required to maintain a fixed body temperature. Solar radiation can increase significantly 
heat gains to exposed body areas. The manikin does not have an active cooling system like 
humans, so the responses may not mimic those of a person in the same situation. 
2.3 Methods of Investigation 
It is considered that certain 'baseline' data needed to be established on the effects of solar 
radiation and human thermal comfort. The optimum way to gain this information is 
through controlled study of subjects. It was proposed to conduct a series of laboratory 
experiments to provide reference data. It is currently unknown how much solar radiation 
will produce shifts in thermal sensation from neutrality. These data would help in 
quantifying the effect of solar radiation on human thermal comfort in environments where 
exposure to direct radiation is a common occurrence. This is especially the case in 
vehicles, where the physical constraints of the occupant space mean that it is difficult for 
the occupants to alter their exposure to the solar radiation. 
2.4 Experimental Methods and Procedures 
The laboratory experiments undertaken as part of this thesis used a generic experimental 
protocol. The general methods and procedures are described in detail in this chapter and 
the individual experimental designs described in the appropriate chapters. 
2.4.1 Test Facility 
The experiments required an environment where it was possible to control the various 
parameters to maintain 'thermally neutral' conditions whilst the subjects were exposed to 
different levels of direct solar radiation. It was therefore necessary to construct a purpose 
built experimental environment in the Human Thermal Environments Laboratory at 
Loughborough University. 
The experimental chamber was constructed from insulated box panels of 18 mm plywood 
skins with a 50 mm timber inner frame. This was insulated with Rockwool with aK value 
of 0.036 W/m72 IC'. The chamber was also fitted with an air conditioning unit which would 
provide a thermally neutral environment, PMV =0±0.5, (ISO 7730: 1994). 
The chamber was fitted with a specially designed end panel. The panel included a 45* 
angled frame, into which glazing was placed. The angled panel was to allow for simulation 
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of the front seat of an automotive vehicle. It is through the front window that the largest 
body area of the vehicle occupant will be irradiated by solar radiation in the field. 
Therefore it is likely to cause the greatest level of discomfort due to solar radiation. 
The radiation source was parallel to the external face of the glazing to ensure that the light I 
was not reflected unevenly and that the distance from the glass to the subject was as 
uniform as possible. The simulated solar radiation lamps were positioned outside the 
climatic chamber so as to avoid further heating of the air temperature. The housings of the 
lamps reach temperatures in excess of 150'C during operation. 
The glazing was cooled externally with fans, to prevent any significant increase in the 
surface temperature of the glazing. The cooling system allowed air to flow up and over the 
glazing at approximately 3 ms-. 
The test chamber contained a Fiat Punto car seat, which was fitted to a moveable base 
platform. This base was fitted with wheeled tracking that allowed the seat to be withdrawn 
from the direct radiation. Thus allowing the expenmenter to seat the subject and ensure 
that they were in a satisfactory position prior to commencement of the experiment. The 
test cell is shown in Figure 2.1 and Figure 2.2. 
Figure 2. / Schematic of the test chamber, showing angled end wall and overall dimensions 
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, igure 2.2 Plan view ofihe test chamber showing position ofthe suhjects seats belbre and during the 
experiment 
2.5 Solar Simulation Source 
The Solar lamps selected for the experiment were 1000 Watt metal halide, CSI lamps, 
manufactured by GE Lighting. The lamps used housings, ignitors and ballast units 
manufactured by Thorn Lighting. These lamps produce light with a spectrum similar to 
that of sunlight, and have been used widely across a number of industries including the 
automotive industry for this purpose, Beeson (1978), BlazeJczyJk, el til (1992), Rover, 
Renault, personal communication (1997). The lamps were fitted to runners and mounted to 
a tubular steel rig in front of the angled wall of the test chamber. The intensity of the 
radiation failing on the subject was controlled by the distance the lamps were from the 
subject. The movement of the lamps nearer to, or further away from the subject either 
increased or decreased the level of simulated solar radiation failing on them, (Figure 2.31) 
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Figure 2.3 Solar simulation testfiacilhýK with lamps on anti off 
The test chamber was divided into two separated test cells, each with a car seat which was 
fitted to a moveable base platform. This base was fitted with tracking that allowed the seat 
to be withdrawn from the direct radiation. This enabled the experimenter to seat the 
subjects and ensure that they were in a satisfactory position prior to commencement of the 
experiment 
2.6 Environmental Conditions 
The environmental chamber was controlled in order to maintain a constant 'neutral' 
environment condition, PMV =0±0.5 (ISO 7730) when the effect of the direct radiation 
was not considered. The air temperature, (ta), mean radiant temperature (Q = t., relative 
humidity (%rh) and air velocity (ms-'), subjects clothing and their metabolic rate, remained 
constant. 
2.7 Environmental Measurements 
Environmental conditions were monitored and measured throughout the experimental 
chamber. 
ta in a number of positions with thermistors, at the subjects knees, head height, and 
shaded from direct radiation. 
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" t,, using a 150 mm diameter black globe next to the subject, and one behind the subject, 
(shaded). 
" Air velocity with a hot wire anemometer next to the subject 
" Relative humidity, rh(%), behind the subject with a Vassala chip anemometer. 
Environmental conditions were monitored and recorded every ten seconds via Eltek 
Grant squirrel data loggers. 
Direct radiation was measured with a Skye pyronometer SP II 10 and a Zipp and Zenon 
CMI I Pyronometer. During the experiments measurements of direct solar radiation were 
taken normal to the subjects chest and thighs. 
2.8 Physical and Physiological measurements 
A series of objective physiological measures were taken on each subject. 
2.8.1 Skin Temperature 
The measurement of skin temperature is of importance in establishing the physiological 
responses of subjects to their thermal environment, (Chrenko 1973). It is the differences 
between skin surface temperature and that of the surroundings that enables heat transfer 
with the environment, Clark (198 1). It acts as an interface for thermal sensations. 
The body tries to maintain a constant core temperature of 37'C. The temperature of the 
skin varies across the body, with the variations between areas increasing as the body is 
cooled. Mean skin temperature has been shown to be related to the sensation of thermal 
comfort, Gagge el al (1967), and Yaglou (1947). In a neutral environment mean skin 
temperature of the human skin is approximately 33'C, Gagge el al (1967) and Olesen and 
Fanger (1973). 
There are a number of methods for measuring skin temperature, both remote and contact 
techniques can be used 
Remote methods: The measurement of the surface temperature is undertaken with infra 
red thermal imaging. This gives an accurate skin temperature without interfering with the 
subjects skin and causing possible effors, Clark and Edhohn, (1985). However, the 
technique only gives a temperature of the first surface that it comes into contact with. In 
the case of subjects wearing clothes, the temperature of the clothing will be found not that 
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of the skin temperature. The equipment tends to be sensitive and expensive. It tends to be 
impractical in real world scenarios, as well as in areas where space is limited. This makes it 
difficult to use in a lot of practical situations. 
Contact techniques: Thermistors or thermocouples attached to the skin of the subject are 
the commonly used methods. Point measurements are taken over the body surface area, 
this provides information about the local skin points. Often though it is common to 
consider overall or mean skin temperature. For this it is common to assign weighting 
factors to parts of the body. 
Mithchell and Wyndham (1969) reviewed a number of established weighting techniques. 
Comparing 10 weighting techniques to that which they referred too as optimal skin 
temperature (T. ), a 15 site weighting technique devised by Winslow et al. They found that 
3 of the methods were highly correlated with the optimal T.. These were the Hardy/DuBois 
12 point system, a 15 point unweighted system, and the Ramanathan 4 point system. The 
Hardy/DuBois showed good agreement although it was found to be better correlated for 
cold temperatures than for hot. The 15 point unweighted system would be expected to 
have good agreement with the optimal T. as it used the same measurement sites with one 
exception. The Ramanathan method correlated well with the optimal T., and proved to be 
the least temperature dependent of the methods, working well across a range of 
temperatures. 
Ramanathan's (1964) formula for establishing mean skin temperature was derived during 
studies of resting subjects in a series of heat exchange experiments. The weighting system 
proposed incorporated all of the major body areas as follows: 
týk = (t*, 
ýhrd 
*0.3) + (t"pm.,,, * 0.3) + (t., migh * 0.2) + (tsk. if +0.2) 
Significant agreement was found with the elaborate Hardy/DuBois 12 point method. 
Comparisons were also made of the use of medial thigh temperature as a single 
measurement of mean skin temperature. This was dismissed as being unreliable. This 
would make any reading particularly susceptible to local temperature changes over the 
body. 
The Ramanathan method has been widely used since. Olesen, (1984) reviewed the number 
of sites necessary to establish an accurate mean skin temperature concluded that 2-4 sites 
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were adequate in warm conditions, 4-8 in neutral conditions and 8- 12 in cool conditions. 
For the laboratory studies, mean skin temperature was measured using the Ramanathan 
method, with the addition of further thermistors on two exposed sites, forehead and 
forearm (Figure 2.4). Forehead temperature has been used as an indicator of thermal 
comfort, Mayer (1994), this study has been conducted under typical office conditions. It 
was felt that this area was worthy of further investigation in a more thermally stressful 
situation. The forearm of the subjects would be directly irradiated, this would provide 
information on the increase in exposed skin to radiation. 
2.8.2 Calibration 
Prior to and after experimentation all thermistors, skin and environmental, were calibrated 
in stiffed water bath. The thermistors were calibrated across the ranges which they were 
expected to operate, 35 - 40 'C for skin temperature and 20 to 40'C for environmental 
temperatures. Thermistors were accepted for use if they were within ±0. VC of the desired 
temperature. The temperature of the water was measured using mercury in glass 
thermometers independently calibrated and certified. Pyronometers were calibrated and 
certified independently by the manufacturers of the instruments. 
2.9 Subjective Measurements 
One of the best ways to determine how people are feeling is to ask them. Measurement of 
these psychological responses gives a powerfid indication of a persons reaction to their 
environment. 
2.9.1 Sensations of Warmth 
One of the first studies to use subjective evaluation of the 'sensation of warmth' was 
Yaglou, (1927). He used a five point scale to develop a comfort zone for males at rest and 
clothed from the waist down. He had subjects rate their environments on the following 
scale: 
I Cold 
2 Comfortably cool 
Very Comfortablc 
4 Comfortably warm 
5 Too warm 
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Using a controlled environment where he increased and decreased the effective 
temperature, and plotted out a 'comfort zone' of temperatures based on the results. 
In modem terms, his analysis of the data was simplistic, but he did define a comfort zone 
and the percentage of people 'comfortable' at the various temperatures in the zone. Giving 
rise to early comfort criteria. However, the use of the term 'Very comfortable' as the 
central point to the scale of warmth is ambiguous. The use of the word 'very' implies that 
the level of sensation felt is more than merely being comfortable with their thermal 
environment. 
The first major study in the UK conducted using such method's, was carried out by 
Bedford (1936). Bedford visited a series of factories, where a wide range of men and 
women of different ages were employed. A series of environmental measures were taken 
in the working areas and the people working there were asked about their thermal comfort, 
preference and other sensations. Bedford collated these data and developed a scale. 
TheBedfordScale 
Much too warm 
Too warm 
Comfortably warm 
Comfortable 
Comfortably cool 
Too cool 
Much too cool 
That is a seven point scale where the central point is the desired environment, but where a 
scale point either side would provide an acceptable environment. This scale was used 
widely to investigate the preferred temperatures of people around the world in different 
thermal environments. Numbers can be assigned to each of the seven descriptors to enable 
statistical analysis. 
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In America, ASHRAE also developed a seven point scale which they included in their 
standard 55 66, (1966). 
TheASHR4EScale 
7 Hot 
6 Warm 
5 Slightly wann 
4 Neutral 
3 Slightly cool 
2 Cool 
I Cold 
This scale has the advantage over the Bedford scale in that it asks specifically about 
thermal sensation. The Bedford scale mixes sensations of comfort and warmth, as well as 
using judgmental terms such as 'too', McIntyre (1980) suggests that whilst there are 
semantic differences in the two scales, they basically provide the same result. 
Whilst the ASHRAE standard is widely used in the USA, in the rest of the world ISO 7730 
is used to evaluate thermal comfort. This uses the same terms to describe sensation as the 
ASHRAE scale but the categories are numbered from -3 to +3, rather than I to 7. This 
provides symmetry to the scale, with neutral being 0. 
Primarily, either the ASHRAE or ISO scales are used today. Within the experiments 
conducted in this thesis it was felt necessary to adapt the sensation scale to provide a more 
sensitive scale to measure the effects of the solar radiation. Initial quantification of the 
experimental variables indicated that t, in terms of direct simulated solar radiation 
sensations felt would exceed +3 (Hot) on the ISO scale. The scale was extended a further 
2 points, based on a wider scale of sensation described by Givoni (1976). 
The scale used in these experiments was 
Sensation Scale (Givoni) 
+5 Extremely hot 
+4 Very hot 
+3 Hot 
+2 Warm 
+1 Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 Cool 
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Whilst it is technically a bi-polar scale, because of the environmental conditions presented 
to the subjects, i. e., neutral or warmer, the full scale was not presented. The subjective 
questionnaire completed by the subjects is shown in Appendix 1. The scales used 
continuous Likert rating scales rather than discreet points. This allowed the subject to 
mark the vertical line precisely at the point which represents their thermal sensation, (e. g., 
+ 1.5, they are between slightly wann and warm). 
As well as sensation, subjects rated their level of thermal comfort. The concept of comfort 
is not easily described and does not necessarily coincide with any physiological response. It 
is easier to describe thermal comfort as the absence of sensation or discomfort. A widely 
used and accepted definition of thermal comfort is 'that condition of mind in which 
satisfaction is expressed with the thermal environment' ASHIUE (1993). This indicates 
that it is as much a psychological effect as physical. It is therefore useful to ask the 
subjects to rate the level of comfort that they are also feeling, McIntyre (1980). As 
degrees of comfort are particularly subjective, a discomfort scale is used. Here the subject 
must rate how uncomfortable they feel. 
Thermal Comfort scale 
Very uncomfortable 
Uncomfortable 
Slightly uncomfortable 
Not uncomfortable 
A rating of 'Not uncomfortable' would be given if the subject was in a state of thermal 
neutrality. As the subjects sensations deviate from neutrality, either warmer or cooler, so 
the level of discomfort perceived will increase. This can provide valuable information 
about how far from neutrality a person can be before it starts to become an issue in their 
overall comfort. 
A similar rating scale was used to assess stickiness. Perceptions of stickiness can provide 
information about the subjects source of thermal discomfort. Increases in stickiness will be 
associated with sweating and skin wettedness. Ratings on these three categories are highly 
correlated with each other. 
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The subjects rated these three categories in terms of both overall feeling and over local 
areas of the body. 
Finally, subjects rated their thermal preference. McIntyre (1980) recommends asking: 
How would you like to feel? 
Warmcr No change Cooler 
Whilst, the thermal sensation may deviate from neutrality, the subject may in fact like this 
sensation and want no change. Humphreys (1976) found that people preferred 
environments that were 'comfortable' to 'comfortably warm' (Bedford scale) in their 
homes. McIntyre and Gonzalez (1976) found that peoples preference changed seasonally, 
shifting from approximately 0.5 on the thermal sensation scale in the winter to -0.5 in the 
summer. 
2.10 Procedure 
Subjects arrived at the laboratory approximately 30 minutes prior to the experiment. They 
were taken to a preparation room with a neutral ambient temperature. They completed 
medical consent forms and were briefed on both the withdrawal criteria and the 
experimental procedure. Subjects had a series of six skin thermistors fitted to various body 
parts, (Figure 2.4). The thermistors were secured via single strips of 3M Transpore tape to 
the subjects skin down the left hand side of the body. The thermistors were also fitted into 
Eltek / Grant squirrel data loggers and recordings were take every 10 seconds. In addition 
the subjects oral temperature was measured immediately before and after the experiment. 
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Figure 2.4 Subject. fitted with sk-in thermistors, and wearing the clothing ensemble 
The subjects dressed in the standard clothing provided and sat whilst their oral temperature 
was taken using a mercury in glass thermometer. The questionnaire was explained to the 
subject and the first subjective questionnaire was completed to ensure that they were 
thermally neutral prior to undertaking the experiment. If a subject was not thermally 
neutral, they were left in the room until they reached a neutral state and this was 
ascertained by the completion of a further subjective questionnaire. 
The solar simulation lamps were turned on for at least 30 minutes pnor to the start of the 
experiment to allow them to reach their steady state operating conditions. 
The subjects were taken into the neutral environmental test chamber. They were seated in 
the car seat, (out of the direct simulated solar radiation), and they completed a 
questionnaire to ensure that they were still feeling neutral. When both subject and 
experimenter were satisfied the experiment commenced and the subject's seat was pushed 
into the forward position into the direct solar radiation and they were handed the first 
experimental questionnaire to complete. This was time mark 'zero', the subject then 
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completed a questionnaire every 5 minutes from this time. Subjects were asked to keep 
their left arm still during the experiment using the fight to complete the questionnaires, 
which were handed to them by the experimenter, (Figure 2.5). The subjects were seated in 
the car seat for 30 minutes. 
Figure 2.5 Subject completing questionnaire whilst exposed to simulated solar radiation 
The subjects were seated directly facing the solar simulation lamp, this resulted in their 
upper and lower torso, arms and upper legs being directly irradiated. 
After completion of the final questionnaire, administered at 30 minutes, the subject was 
withdrawn from the direct radiation and their oral temperature taken and a post 
experimental questionnaire completed. 
A series of pilot studies were conducted during the establishment of the procedure to 
ensure that the method was effective and practical for carrying out this series of 
investigations. 
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2.11 Conclusion 
A practical and reliable experimental procedure and protocol was determined for a series of 
laboratory experiments. Measurement methods were specified and pilot studies were 
conducted to establish the validity of the investigative technique. 
The methods and procedure documented here will be used to investigate a series of specific 
effects of solar radiation on thermal comfort. The specific variables of each of the 
experiments will be described in the appropriate chapters with reference to the methods 
previously described. 
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Part 2: 
Laboratory Experiments: Investigations 
with Simulated Solar Radiation 
Chapter 3: The effect of the intensity of simulated solar radiation on human 
thermal comfort 
Chapter 4: The effect of the spectral content of simulated solar radiation on 
human thermal comfort 
Chapter 5: The effect of different automotive glazings on the perception of human 
thermal comfort 
Chapter 6: The comparison of the effect of re-radiated black body radiation 
combined with simulated solar radiation on human thermal comfort 
3. The Effect of the Intensity of Simulated Solar Radiation on 
Human Thermal Comfort. 
3.1 Chapter Summary 
This chapter investigated the effect of the intensity of direct simulated solar radiation on 
human thermal responses. Eight male subjects were exposed to 4 different solar radiation 
conditions. Physiological and psychological measurements were taken. It was established 
that a mean response to 200 Wm2 of direct simulated solar radiation will give a thermal 
sensation shift of one positive scale point. 
3.2 Introduction 
Studies by Neilsen et al (1988) Neilsen (1990), Blazejezyk (1994) and McNeill (1999) 
have shown that direct solar radiation has a significant effect upon human 
thermoregulation. However, these studies have looked at subjects exercising in the sun, 
rather than investigating the effects of direct solar radiation on humans With low metabolic 
rates. McNeill (1999) found that existing standards for assessing hot environments (ISO 
7933) did not predict well in solar conditions. If this is true of heat stress indices then it is 
possible that it is also true for comfort indices. The environmental parameter that is most 
significantly affected by solar radiation is mean radiant temperature. Due to the nature of 
sunlight, its combination of PAR and IR radiation, traditional indices may not fully 
incorporate this into the calculation of t,. It is important to establish the effect of direct 
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solar radiation on human thermal comfort. 
3.2.1 Aim 
It was the aim of this experiment to determine the physiological and psychological 
responses of subjects exposed to a range of simulated solar radiation intensities, and to 
establish the relationship between radiation level (Wnf2) and thermal sensation. 
3.3 Experimental Method 
3.3.1 Design 
A repeated measures within-subject design was used. Subjects were exposed to four 
conditions, 0,200,400 and 600 Wrný, with 0 Wrný being a control condition to ensure that 
PMV =0 had been achieved. The radiation source was two GE metal halide solar 
simulation lamps. The subjects physiological and psychological responses were recorded, 
as well as all of the environmental parameters. 
Two, 4x4 Latin squares were derived to ensure that presentation order effects were 
minimised, Figure 3.1. 
Figure 3.1 - Presentation order of the test conditionsfor each subject 
Radiation level 600 Wm-2 400 Wm-2 200 Wni-2 o wrn-2 
Subject A2341 
Subject B1234 
Subject C4123 
Subject D3412 
Subject E4312 
Subject F3124 
Subject G2431 
Subject H1243 
3.3.2 Subjects 
Eight, healthy male volunteers from the Loughborough area took part in the experiment, 
(Table 3.2). The subjects were paid upon completion of all 4 conditions. Subjects wore a 
specified clothing ensemble of white cotton/polyester (65/35%) long sleeve shirt, (sleeves 
rolled up above elbow), beige cotton/polyester (65/35%) trousers, and the subjects wore 
their own under gannents and shoes giving an estimated clo value of 0.7 (including seat), 
(ISO 7730: 1994). The car seats used were of the type currently fitted to the Fiat Punto 
(circa 1998) and were supplied by Fiat. 
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Table 3.2 Subject anthropometric data 
Height Sitting height Weight Age 
(mm) (mm) (kg) (years) 
Mean 1769 917 74.24 27.25 
Standard Deviation 74.35 20.14 12.74 3.059 
Maximum 1880 942 91.56 34 
Minimum 1657 887 52.1 24 
Subjects were exposed to the radiation through a clear glass window and wore protective 
eye wear, that ensured that UVA, UVB and IR were filtered. The result of the pilot 
studies of the experiment showed that when the subjects face and head was irradiated they 
suffered from headaches and were prone to withdrawal from the experiment. Therefore, 
the subjects head was shielded. This provided a level of realism, it was considered that it 
would be unreasonable to expect drivers and/or front seat passengers to drive directly into 
the sun for a long period of time without taking protective behavioural measures to reduce 
glare and visual discomfort. This meant that no direct radiation was exposed to their 
faceleyes and that the area of the body irradiated was the torso (from the neck down), arms 
and thighs of the subject. 
3.3.3 Environmental Conditions 
The environmental chamber was controlled in order to maintain a constant , neutral' 
environment condition, PMV =0±0.5 (ISO 7730) when the effect of the direct radiation 
was not considered. The air temperature, (t. ), mean radiant temperature (Q = t., relative 
humidity (%rh) and air velocity (msý), subjects clothing and their metabolic rate, remained 
&constant' at levels that provided a neutral environment. 
Environmental conditions were measured throughout the test cell. This included t. in a 
number of positions with thermistors, t,, using a 150 mm. diameter black globe next to the 
subject, air velocity with a hot wire anemometer next to the subject and rh (%), behind the 
subject with a Vassala chip anemometer. They were monitored and recorded every ten 
seconds via Eltek / Grant squirrel data loggers. Radiation was measured with a Skye 
pyronometer SP II 10 and radiation meter SP I 100. 
3.3.4 Physical and Physiological Measurements 
A series of objective physiological measures were taken on each subject. (mean and local 
skin temperatures). These were recorded every 10 seconds via Eltek / Grant squirrel data 
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loggers. In addition subjects oral temperature was measured immediately before and after 
the experiment. 
3.3.5 Subjective Measurements 
The subjective form completed by the subjects is shown in Appendix A. It can be seen that 
subjects gave ratings of thermal sensation, comfort, stickiness and preference in terms of 
both overall feeling and over areas of the body. 
3.3.6 Procedure 
Subjects were placed in a thermo-neutral room for approximately 30 minutes prior to the 
experiment. Subjects had their skin thermistors fitted and got dressed in the standard 
clothing provided. The first subjective questionnaire was completed to ensure that they 
were thermally neutral prior to undertaking the experiment. 
The subjects were taken into the environmental test chamber. They were seated in the car 
seat, and they completed a questionnaire to ensure that they were still feeling neutral. 
When both subject and experimenter were satisfied the experiment commenced and the 
sub ect's seat was pushed into the direct solar radiation and they completed first j 
experimental questionnaire. Subjects then completed a questionnaire every 5 minutes from 
this time. The subjects were seated in the car seat for 30 minutes. 
After completion of the final questionnaire, administered at 30 minutes, the subject was 
withdrawn from the direct radiation and a post experimental questionnaire completed. 
The detailed procedure is described in chapter 2. 
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3.4 Results 
3.4.1 Environmental Conditions 
It can be seen from Table 3.1 that for all experimental conditions the predicted level of 
thermal comfort as calculated from ISO 7730 (1994) remained within the 0±0.5 PW 
tolerance, when 4=t., as set a priori. Whilst, it can be seen that when the actual t, is 
placed into the thermal comfort equation, the simulated solar radiation loads change the 
environments from neutral (PMV = 0) to warm (PMV = 2) to hot (PMV =3). The 
introduction of a directional source of radiation, had a significant effect on the mean 
radiant temperature as derived from globe temperature tg There was also an increase in t, 
when it was calculated using the plane radiant method described in ISO 7726 (1985) for a 
seated person. 
tr = 
0.08(t. p+tdown)+0.22(tright +tift) + 0.3(tf,,., t + tt.. *) 
2(0.18+0.22+0.3) 
Table 3.1 Summary of enWronmental data 
Simulated solar radiation 600 Wm72 400 Wm-2 200 WM72 0 Wmw2 
t9 (OC) 37.32 35.4 33.51 24.89 
t. shielded CC) 24.09 23.43 23.44 22.81 
t, (OC) derived from t. 44.0 41.8 37.7 24.2 
t, (OC) calculated from tp, 36.22 29.98 24.35 22.81 
Velocity (m/s) 0.06 0.06 0.05 0.03 
Relative Humidity M 49.65 51.04 51.47 48.36 
PMV (t. = t) 0.2 0.04 0.05 -0.1 
PPD (t. = t, ) 6.8 8.8 7.1 6.2 
PmV (4 derived from 2.8 2.3 1.95 0.2 
ppD (t, derived from t. ) 96.5 79.8 70.6 12.8 
PMV (t, calculated from tp, )* 1.7 0.8 0.15 -0.1 
PPD (t, calculated from tp, )* 61.3 22.8 7.4 6.2 
AMV 3.18 1.97 1.15 0.28 
APD 100 75 62.5 12.5 
AMV = Actual Mean Vote 
ADP = Actual Percentage Dissatisfied 
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3.4.2 Objective Results - Mean Skin Temperature 
The subjects had a set of six skin thermistors attached to their bodies. Those fitted to the 
chest, upper arm, thigh and calf These were combined to give a weighted mean skin 
temperature, Figure 3.2 shows the individual subjects mean skin temperatures. 
Figure 3.2 Comparison of mean skin temperatures Isk (n 8) 
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Figure 3.3 shows comparison of the mean of mean skin temperatures for all of the subjects 
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0- , or the four conditions. The 30 minute mark is indicated on the mean skin temperature 
graph. At this point the subjects completed their last questionnaire and remained in the 
radiation until they had completed it. For this reason there is a delay of I to 2 minutes 
before the subjects were removed from the radiation. 
Figure 3.3 Mean of mean skin temperatures I, k of the sublects. /rom 0 to 30 minutes (n - 8) 
600 WM-2 
400 Wm-2 
38 200 Wm-2 
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36 
rd 
34 c 2 
co 
32 
30- 
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Table 3.2 shows the mean skin temperatures taken at the 30 minute stage of the 
experiment. 
Table 3.5 shows the mean skin temperatures ranked according to the highest temperature 
measured on each subject. Where I is the highest temperature and 4 is the lowest. 
Table 3.2 - Mean skin temperatures over sublecis (measured at 30 minutes) 
Radiation level 600 wm-2 400 Wrn-2 200 Wrn-2 0 wm-2 
Subject A 36.9 35.7 34.9 33.2 
Subject B 35.7 35.7 34.9 33.2 
sutject C 36.0 36.3 34.6 33.2 
Subject D 37.2 35.9 35.1 32.1 
Subject E 36.0 35.8 35.4 33.2 
Subject F 35.7 36.4 35.4 31.9 
Subject G 35.5 35.2 34.7 32.7 
Subject H 35.7 35.5 35.2 32.8 
Mean 36.1 35.8 35,0 32.8 
Standard deviation 0.6 0.4 0.3 0.5 
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Table 3.3 - Meon skin temperatures oversuýlecls (rank qI'measured al -330 minutes) 
Radiation level 600 Will-' 400 Will-, 200 Will-, 0 Will-, 
Subject A12 
-1) 4 
Subject B I. i J. i 34 
Subject C2134 
Subject D1234 
Subject E1234 
Subject F2134 
Subject G12 11 4 
Subject H1234 
Sum of ranks I (). i 13.5 24 32 
Rank of ranks 12 .14 
Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
paired t-test. It can be seen that there were highly significant differences between the three 
radiation conditions. p : ý; 0.01, (Table 3.4). Although there is not a significant difference 
between 400 WM-2 and 600 WM-2. 
Mble 3.4 Paired t iest. 1br MeanSkin Temperatures 
WM-2 Radiation 600 Wrn-2 400 Wnl-' 200 0 Wrn-' 
Sig t Sig t Sig t Sig 
600 Wni-2 -1.77 0.12 -3.55 0.001 -11.3,7 0 
400 Wm-' -5.43 0.001 -0.31 0 
200 W111-2 -4.27 0.004 
0 Will- 
Note - for calculation purposes the final mean skin temperature was used. 
, 
Inah-vi v: SlýýSfiw Windows, 7.5.1 
3.4.3 Mean Skin Temperature - Interpretation of Results 
A comfortable mean skin temperature for a sedentary person is around 33'C, Gagge et al 
(1967). The mean of the mean skin temperatures for subjects in the thermally neutral 
condition (PMV = 0) was 32.8'C, this is in accordance with Gagge's findings. With the 
addition of direct simulated solar radiation to the subject the mean skin temperature 
increases dramatically, by over 2'C for 200 Wm-2- There were significant Increases in 
mean skin temperature for both 400 Wm-2 and 600 Wm--' experimental conditions. it can 
be seen that there was a small variation in initial mean skin temperatures of some subjects. 
(Figure 3.2 and Figure 33.3). With all of the radiation conditions a rapid change in mean 
skin temperature can be seen over the first io to 12 minutes of exposure with a plateau 
beyond that- This would indicate that the subjects were in a steady state of 
thermoregulation. The differences between the radiation levels could be considered of 
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significance in psycho-physiological terms. This is confirmed when considering individual 
subject data, (Table 3.2 and Table 3.6), where rank order of radiation intensity showed 
consistent trends and the paired t test showed significant differences between conditions 
It can be concluded that simulated solar radiation increased mean skin temperature, and 
that given a sufficient difference between the levels of radiation intensity that the body is 
exposed to that it is a good indicator of human thermal comfort. 
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3.4.4 Subjective Results - Thermal Sensation 
Subjects recorded their thermal sensation every five minutes, Figure 3.4 shows the 
individual curves for each subject. 
hgure 3.4 Aermal sensation votes. for individual suýjects (experimental period 0 to 30 minutes) 
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Figure 3.5 Mean overall thermal sensation graph. for AA4V. for 4 diffierent Simulated Solar 
radiation intensities (n -- 8) 
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The end vote (30 minutes) of each subject was taken for analysis Table 3.5 shows the end 
sensation votes for each subject, whilst Table 3.6 shows the ranked result by subject. 
Table 3.5 ThermalSýensationEnd Votes over subjects (30 minutes) 
Radiation level 600 Wni 400 Wni-2 200 Wm-2 o wm-2 
Subject. 4 3120 
Subject B31.7 
Subject C442 
Subject D321 
Subject E 3.9 2.5 0.9 
Subject F 1.7 0.2 1.3 -0.8 
Subject G32.6 0.8 0 
Subject H 3.85 1.75 1.2 0 
Mean 3.18 1.97 1.15 0.28 
Standard deviation 0.75 1.13 0.65 0.66 
Table 3.6 Thermalsensations rank (? fend votes over sublects (30 minutes) 
Radiation level 600 Wrn-2 400 Wrn-2 200 Wrn-2 0 Wrn-2 
Subject A1324 
Subject B1243 
Subject C 1.5 1.5 34 
Subject D1234 
Subject E1243 
Subject F1324 
Subject G1234 
Subject H1234 
Sum of ranks 8.5 17.5 24 30 
Rank of ranks 1234 
Statistical analysis of the 30 minute sensation votes was conducted using a Wilcoxon rank 
sum test. It can be seen that there were significant differences between the three radiation 
conditions, p :! ý 0.05, (Table 3.7), with the exception of 400 WM-2 and 200 WM-2 and 200 
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WM-2 and 0 WM-2 . There appears to 
be little difference perceived by the subýjects between 
200 and 400 WM-2 of radiant energy. 
Table 3.7 Wilcoxon rank sum test. for thermal sensations 
Radiation 600 WM-2 400 WM-2 200 WM-2 0 WM-2 
T Sig T Sig T Sig T Sig 
600 WM-2 48 0.05 38 0.01 36 0.01 
400 WM-2 50.5 0.1 41.5 0.01 
200 WM-2 56.2 0.2 
0 Wnl-2 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 3.6 DiscoMfOrt curve. for simulated solar radiation between 0 Wm -2 and 600 Wm -2 With 
Standard deviation 
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3.4.5 Thermal Sensation - Interpretation of Results 
Thermal sensation votes indicate how warm the subjects feel in the simulated solar 
radiation environment. It can be seen in Figure 3.5 that, on average, after 30 minutes of 
exposure, subjects were approximately one sensation scale point warmer for each 200 Wm- 
2 of direct radiation that they were exposed to. All subjects voted the 600 WM-2 condition 
to give the highest sensation. Subject C could not however distinguish between 400 WM-2 
and 600 WM-2 , rating them 
both as the same sensation 'very hot'. It can be seen from the 
standard deviations on the discomfort curve (Figure 3.6) that the subjects sensation votes 
had a wide range at this level of radiation. There were a number of different individual 
responses to the 3 levels of direct radiation, however taken over all subjects it can be 
clearly seen that there is a significant difference between the sensations felt at each level. 
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3.4.6 Subjective Results - Thermal Comfort Votes 
Subjects recorded their thermal comfort every five minutes, the individual curves for each 
subject. 
Figure3.7 'UncoMfiWable'votes. for individual suýjects (Experimental period 0 to 30 minutes) 
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Figure 3.8 shows the mean thermal comfort plots for all the subjects for the four 
experimental conditions. This shows clearly an increase in the level of discomfort felt by 
the subjects between each of the conditions 
Figure 3.8 Mean overall thermal coMIbrI graph for AMV Ibr 4 different Simulated Solar 
radiation intensities (n 8) 
Very 
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overall 400 Wrn-2 
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Table 3.8 'UncomfOrtable'end votes over subjects (30 minutes) 
Radiation lcvel 600 Wrn-2 400 Wnf 200 Wm-2 0 Win-' 
Subject A2000 
Subject B21.6 0,65 
Subject C23 
Sub . ject 1) 121 
Subject E 2.4 1.1 0.65 0.25 
Subject F 1.5 0.25 1.35 0.25 
Subject G21.4 0.75 
Subject 11 2.2 1.8 1.25 
Mean 1.89 1.39 0.63 0.14 
Standard deviation 0.44 0.96 0.57 0.23 
Table 3.9 'Uncom1briable'rank q1'end votes over sublects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 WM-2 0 Wm--' 
Subject A1333 
Subject 81243 
Subject C213.5 3.5 
Subject D 2.5 1 2.5 4 
Subject E1234 
Subject F13.5 2 3.5 
I; ub 2 , ject G134 
Subject H1234 
Suni of ranks 10.5 16.5 24 29- 
Rank of ranks 1234 
Statistical analysis of the 30 minute thermal comfort votes was conducted using a 
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Wilcoxon rank sum test. It can be seen that there were significant differences between all 
but one of conditions, p !! ý 0.05, (Table 3.10). The only condition that there was not a 
significant difference between 400 WM-2 and 600 WM-2 
Table 3.10 Wilcoxon rank sum test for thermal comfort sensations 
Radiation level 600 Wm-2 400 Wm-2 200 Wrn-2 () wm-, - 
T Sig T Sig T Sig T Sig 
600 WM-2 52.5 0.2 38.5 0,01 36 0.01 
400 WM-2 42.75 0.01 43.5 0.05 
200 WM-2 35.9 0.01 
0 WM-2 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 3.9 Thermal comfort graph 
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3.4.7 Thermal comfort : Interpretation of results 
'Uncomfortable' ratings provide an indication of the thermal discomfort of the subject 
whatever the cause. For example, discomfort may be due to stickiness, warmth sensation 
and so on. Generally, the uncomfortable ratings in the experiments, followed the pattern 
indicated in the thermal sensation votes. 
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3.4.8 Subjective Results - Stickiness vote 
Subjects recorded their stickiness every five minutes, the individual curves for each subject 
are shown in Figure 3.10. 
Figure 3.10 Stickiness votes. for individual subjects (Experimental period 0 to 30 minutes) (n = 8) 
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Figure 3.11 shows the stickiness plots for the four conditions. This shows clearly an 
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increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 3.11 Mean overall thermal comfort graph for AAIV for 4 different Simulated Solar 
radiation intensities (n - 8) 
Very Stcl(y ----------------------------------------- 
-overall 600 Wm-2 
overall 400 Wm-2 
overall 200 Wm-2 
-overall 0 Wm-2 
Table 3.11 Slickiness end votes over subjects (30 minutes) 
Radiation level Wo WM-2 400 WM-2 200 WM-2 wrn-2 
Su1jectA 2.1 10 
Suhject B3200.6 
Subject C3200 
Subject DIII 
Subject E 2.85 2 0.85 0.3 
Su1ject F 1.6 0.2 1.3 0.25 
Subject G21.4 0.75 0 
Subject H 2.7 1.8 1.1 0.05 
Mcan 2.28 1.30 0.75 0.15 
Standard dcviation 0.73 0.82 0.49 0.22 
Table 3.12 Stickiness ranked end votes over subjects (30 minutes) 
Radiation levcl 6()() WM-2 400 Wm--' 200 WM-2 0 WM-2 
Subject .413.5 2 3.5 
Subject B1243 
Subject C123.5 3.5 
Subject D2224 
Subject E1234 
Subject F1423 
Subject G1230 
Subject H1234 
Sum of ranks 9 19.5 22.5 25 
Rank of ranks 1234 
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Statistical analysis of the 30 minute stickiness votes was conducted using a Wilcoxon rank 
sum test. It can be seen that there were significant differences (p :! ý 0.05) between all but 
two of the radiation conditions, 200/400 WM-2 and 0/200 WM-2' (Table 3.14). 
Table 3.13 Wilcoxon rank sum test for stickiness sensations 
Radiation level 600 Wrn-2 400 Wrn-2 200 Wrn-2 () wm-, - 
T Sig T Sig T Sig T Sig 
600 Wm-2 48.5 0.05 39 0.01 36 0.01 
400 wm-2 52 0.2 45 0.05 
200 Wnf- 52 0.2 
0 WM-2 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure3.12 Stickiness graph jbr mean end AMV and standard deviation for 4 difftreni Simulated 
Solar radiation intensities (n ý 8) 
Very 
Sbcky 
Sbcky 
Slightly 
Sticky 
3 
Nat Sticky 
0 
-Actual Mean Vote 
0 Wm-2 200 Wm-2 400 Wm-2 600 Wrt,, 2 
bme (mins) 
3.4.9 Stickiness - Interpretation of results 
When a subject becomes warm, some sweating will occur. The interaction between the 
sweat, clothing and seat materials will cause stickiness. Stickiness level is related to 
discomfort in warm environments. Ratings of stickiness can therefore provide an indication 
of thermal discomfort. In the experiment the level of stickiness rose consistently with 
increases in radiation intensity. 
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3.4.10 Subjective Results - Preference 
Subjects recorded their preference for their thermal environment every five minutes, Figure 
3.13 shows the individual curves for each subject. 
Eýgure 3.13 Mean Preference votes (Experimental period 0 to 30 minutes) (n = 8) 
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The end vote (30 minutes) of each subject was taken for analysis 
Table 3.14 shows the end sensation votes for each subject, whilst Table 3.6 shows the 
rated result by subject, where I is no change and 2 is cooler. 
Table 3.14 Actual end preference votes over subjects (30 minutes) 
Radiation levcl 600 WM-2 400 WM-2 200 WM-2 0 WM-2 
Subject .4 cooler no change no change no change 
Subject B cooler cooler no change cooler 
Subject C cooler cooler no change no change 
Subject D cooler cooler cooler no change 
Subject E cooler cooler no change no change 
Subject F cooler no change cooler no change 
Subject G cooler cooler no change no change 
Subject If cooler cooler cooler no change 
Mean % cooler 100 75 37.5 12.5 
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Table 3.15 Preference rated end votes over subjects (30 minutes) 
Radiation level 600 Wrn-2 400 Win-'- 200 Wm-' 0 Wm-I 
SubjectA 2111 
Subject B221 
Subject C221 
Subject D222 
Subject E221 
u1ject F212 S1 
Subject G221 
Subject If 222 
Sum of ranks 16 14 11 9 
Rank of ranks 1234 
1, 'igure 3.14 Preference graph for mean end AMV for 4 different Simulated Solar radiation 
intensities (n - 8) 
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3.4.11 Preference - Interpretation of results 
Preference votes are regarded as powerful indicators of thermal comfort and satisfaction. 
They relate "how a subject feels" to "how they would like to feel". Within the experiments 
the subject preference to be 'cooler' increased as the level of direct radiation increased. 
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3.5 Discussion 
3.5.1 Environmental Conditions 
Table 3.1 shows that the required level of PMV, ±0.5, (with t, Q was maintained for all 
conditions. This means that the thermal discomfort felt by the subjects was as a result of 
the discomfort produced by the simulated solar radiation. 
3.5.2 Mean Radiant Temperature 
The introduction of the simulated solar radiation to the enviromnent resulted in a 
significant increase in globe temperature (to and mean radiant temperature(Q. The initial 
input of 200 Wmý resulted in an increase of 9.6*C t. and 13.5'C on t,,, whilst from 200 
Wm-2 to 400 Wm72 results in just a increase of 2.7'C t. and 4.10C t'g. Withtheincrease 
dropping to 1.20C tg and 2.20C t,, for 400 to 600 Wrný. t, was also calculated from plane 
radiant temperature (t. ), this gave a significantly lower t' than the t,,. To calculate the 
plane radiant temperature approximations of the six sides of the cube were made using a 
pyronometcr. This had an effect on the calculation of the PMV with t,,, producing a 
distinctly lower PMV than the t,, and significantly lower than the Actual Mean Votes of the 
subjects. This indicates that calculating t, from tp, (determined from a pryonmeter) does not 
provide as practical an estimation of t, as deriving it from tg measured next to the subject, 
This suggests that globe temperature, and the subsequently derived mean radiant 
temperature, whilst not sufficiently sensitive to measure and quantify complex and highly 
directional radiant environments, will give a more practical estimation than calculation of 
mean radiant temperature from plane radiant temperature. 
3.5.3 Air Temperature 
The air temperature varied across the conditions very slightly, a mean of 23.44*C ± 0.6'C, 
these provided conditions that should not effect the subjects perception of thermal 
sensation significantly. 
3.5.4 Air Velocity 
All of the air velocities measured around the subject were very low < 0.1 ms- 1, this meant 
that there was no sensation of draught or discomfort caused by air movement to the 
subject. 
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3.5.5 Relative Humidity 
The relative humidity did not vary across the conditions, a mean of 50.13 %±2%, these 
provided conditions that should not effect the subjects perception of thermal comfort. 
3.5.6 Mean Skin Temperature 
The weighted mean skin temperatures for the four conditions were found to be si0ficantly 
different, P>0.009, or higher, with the exception of 0 and 200 Wm-2 , Figure 3.3 and Table 
3.4. It can also be seen that the temperature of the surface of the skin starts to heat 
immediately upon exposure to the simulated solar radiation and it reaches a steady state at 
around 12 minutes for the three levels of applied radiation, with no further increase in mean 
skin temperature occurring over the duration of the experiment. The initial increase in 
mean skin temperature corresponds well with that of the subjective responses. However, 
as the subjective responses continue to rise over the last 15 minutes of the experiment, the 
mean skin temperature doesn't. 
Table 3.16 details the local skin temperatures of the subjects at the 30 minute point of the 
experiment. It can be seen from this that the skin temperatures measured on the chest are 
significantly higher than those measured on the other sites of the body. This provided the 
main component for the increase in mean skin temperature. There was also considerable 
increase in the skin temperature of the exposed lower arm 
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Table 3.16 Summary of3O minute local skin temperaturesfor the subjects. (7v = 8) 
tr, k = (tkhe4 *0.3) + (t"ppe. * 0.3) + ("-gh * 0.2) + (Lký. If +0.2) 
Subject Radiation Forehead Upper arm Lower arm Chest (OC) Thigh (OC) Calf (oC) Mean L-k 
Wný2 (OC) (00 (OC) 
A 600 34.75 35 38.9 43.65 33.95 32.7 36.93 
400 34.55 34.75 38.55 39.65 34.1 33 35.74 
200 34.5 35.1 37.1 37.45 32.75 32.8 34.88 
0 33.55 33.85 33.05 1 32.6 34.8 31.65 33.23 
B 600 33.25 34.75 37.25 39.15 36.25 31.55 35.73 
400 34.55 34.75 38.55 39.65 34.1 33 35.74 
200 34.5 35.1 37.1 37.45 32.75 32.8 34.88 
0 33.55 33.85 33.05 32.6 34.8 31.65 33.23 
C 600 36 34.5 39.6 40.05 34.9 33.2 35.99 
400 35.25 36.25 40.25 39.6 34.2 33.3 36.26 
200 34.35 34.15 33.5 37.3 32.95 33 34.63 
10 33.9 33.25 31.65 1 33.75 32.1 33.2 33.16 
D 600 35.65 36.85 40.95 43.2 33.35 32.35 37.16 
400 35.6 35.55 40.4 39.8 33.6 32.65 35.86 
200 34.6 36 36.75 36.85 33.85 32.45 35.12 
0 33.7 32.9 31.2 32.7 1 31.3 30.65 32.07 
E 600 34.95 35.7 40.05 40.35 33.95 32.15 36.04 
400 35.2 35.1 39.8 39.15 34.6 33.15 35.83 
200 36 35.5 38.6 37.8 33.4 33.7 35.41 
0 34.25 33.2 31.55 1 34.3 32.3 32.35 33.18 
F 600 35 35.15 40.45 40.5 32.15 32.65 35.66 
400 35.9 36.65 36.5 39.65 33.3 34.05 36.36 
200 35.5 34.8 36.75 38.3 33.3 33.8 35.35 
0 34 31.15 31.1 32.9 30.95 32.45 31.90 
G 600 36.45 35.35 39.55 40.65 32.05 31.6 35.53 
400 35.7 35.2 38.2 38.55 33 32.15 35.16 
200 34.95 34.35 35.65 37.5 33.45 32.25 34.70 
0 34.7 33.05 33.2 33.85 1 32.35 30.75 32.69 
H 600 36 36.05 37.7 40.45 32 31.7 35.69 
400 35.45 35.85 37.55 38.65 32.7 32.8 35.45 
200 35.1 36 36.1 37.6 33 32.55 35.19 
01 34.35 1 32.3 1 31.05 1 34.1 31.85 32.4 32.77 
3.6 Thermal Sensation 
The thermal sensation votes, Figure 3.4, showed that there was a increase in the discomfort 
felt by the subjects for all three radiation levels. Interestingly, there was not a significant 
increase in thermal sensation felt by the subjects between the 200 Wn1-2 and 400 Wm7 2 
conditions. This can be seen in the large standard deviation of the AMV's at 400 Wrn-2. 
This suggest that between these levels of radiation some subjects could not easily perceive 
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a significant difference between the two sensations felt. Table 3.6 shows the rank order for 
the subjects votes and two subjects rated 200 Wm-2 greater than 400 Wnf2. This compares 
markedly with physiological measures, Figure 3.3, which shows that there was a 0.8 degree 
Celsius increase in the mean skin temperature, which was significant to P<0.001. 
However, it can be seen from the mean discomfort curve, Figure 3.6, that there is a clear 
trend which indicates that for an input of direct radiation of 200 Wm2 there is a sensation 
scale increase of 1. 
3.7 Thermal Comfort 
The mean thermal comfort votes followed a similar trend to the thermal sensation votes. 
However there is no significant difference between the 400 and 600 Wmý radiation levels. 
This, in comparison to thermal sensation where there was no significant difference between 
200 and 400 Wm72, is significantly different. All of the other differences between the 
radiation levels were significant, P<0.01. The large standard deviation at 400 Wm=2 again 
suggested that this is a transitional point for some subjects. Table 3.8 shows that there was 
a wider spread of votes between, 200,400, and 600 Wmý. This suggests that there may be 
some discontinuity between the sensations felt by the subjects. One reason for this may be 
the sensation of pleasantness felt by the subjects exposed to the low to medium levels of 
radiation. In that whflst they can interpret the intensity of the sensation of warmth, it may 
in fact be considered by the subjects to be comfortable. 
3.8 Stickiness 
The mean stickiness sensations, Figure 3.11, felt by the subjects all increased with radiation 
level. There was not a significant difference between the 200 and 400 Wrn-2 radiation 
levels. This is the same as the mean thermal sensation vote, and the ranking of the subjects 
votes, Table 3.12, shows clearly that the subjects could not clearly distinguish between 
these levels. 
3.9 Preference 
In general in the experiment, the subjects level of preference changed from no change' 
(12.5%) at the 0 Wmý level, to 'cooler' (100%) at the 600 Wm2 level. The mean 
preference graph clearly shows the increase of need for the subjects to be cooler as the 
radiation intensity increases. This corresponds well with the other subjective measurements 
taken. 
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3.10 Local Sensations 
It was found that there was no significant difference between local body sensations and the 
overall sensation felt by the subjects. There was a tendency for the lower legs and feet to 
be slightly cooler than the upper regions of the body. This could be due to these parts of 
the body being shielded from the direct radiation. It is not considered that the overall 
sensation vote provided a good indication of local body sensation. 
3.11 Further Work 
Having established a discomfort curve, for radiation intensity to sensation scale, it is 
necessary to develop this further. This information can be used to provide a correction 
factor for existing thermal comfort models to improve predictions made in environments 
where solar radiation has an impact on human thermal comfort. 
3.12 Conclusions 
in conclusion, for the conditions investigated, the relationships between intensity and 
thermal sensation, comfort, stickiness and mean skin temperature have been established. 
As well as a discomfort curve for human thermal responses to directional simulated solar 
radiation. 
Mean skin temperature - The weighted mean skin temperatures for the four conditions 
were found to increase significantly for an input of 200 Wm2 of direct simulated solar 
radiation 
2. Thermal sensation - The thermal sensation votes showed that there was a sensation 
scale increase of 1, for an input of direct radiation of 200 Wm-2 . This can be used to 
develop a more accurate model to predict human thermal comfort in environments 
where the occupants are exposed to non-unifonn radiation. 
3. Thermal comfort, stickiness, and preference votes - These showed that there was a 
clear increase in the discomfort felt by subjects as the radiation level increased 
4. Local sensations - there was no significant difference in the sensations felt overall and 
locally. 
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4. The effect of the spectral content of simulated solar 
radiation on human thermal comfort 
4.1 Chapter summary 
This chapter investigates the effect of the spectral content of simulated solar radiation on 
human thermal responses. Eight male subjects were exposed to 4 different spectral 
radiation conditions, but with the same total radiation intensity, 400 Wrn72. There was 
found to be no significant difference in the thermal sensation responses due to spectra. 
4.2 Introduction 
In chapter 3, the effect of radiation intensity on human thermal discomfort was established. 
As the level of direct radiation increased so did the level of sensation and discomfort felt by 
the subjects. These experiments used a thin layer of clear monolithic glazing. This had the 
effect of maintaining the nearly complete spectrum of the simulated solar radiation that was 
used as a source of energy. But the energy in visible, the near, medium and far infra red 
spectrums differs noticeably with wavelength. Visible radiation has a very high intensity of 
energy but this occurs over a very small section of the spectrum. Does this mean that 
radiation energy with different wavelength characteristics will have different effects on 
human perception of thermal sensation? Are people sensitive enough to react 
physiologically to subtle changes in the spectral content of radiation? 
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Narita et al (2001) investigated the effect of spectral content of solar radiation on the 
thermal sensation of the back of the hand. Subjects were exposed to three types of 
radiation, visible (0.30 - 0.8mn), near infrared (0.8 - 1.35run) and middle infrared (1.7- 
2.3nm). They exposed the right hand to various spectral combinations of radiation whilst 
the left hand was constantly irradiated with radiation encompassing the range of 
wavelengths used on the other hand (0.3 - 2.5nm). The skin temperature and the local 
thermal sensation responses of the subjects were recorded. It was found that the visible 
and middle infrared radiation was perceived to be hotter than the total wavelength 
condition. The radiation intensities used in this experiment were very high 905 to 1186 
Wm=2 and were concentrated over a very small area. These levels of radiation resulted in 
high skin temperatures on the hand, 38 to 44'C, which occurred over a very short period 
of time, 40 - 80 sees. Such high levels of solar direct radiation on to the body surface 
would be extremely rare in the real world. At lower levels of total intensity such 
differences between the spectral properties of the radiation may not be perceptible. 
This contrasted with the work of Matsui (1987) which found that subjects perceived long 
wavelength infrared radiation (6 - 20 nm) to be hotter than short wavelength infrared 
radiation (0.72 - 2.7nm). With both radiation conditions having the same total energy 
intensity ffmý). This difference was attributed to the spectral properties of the skin. 
Radiation with a wavelength greater than 2 nm stimulates warm receptors I mrn below the 
skins surface, whilst radiation less than 2 nm is reflected by the skins surface. The author 
suggests that as a result of the greater transmission of the shorter wavelength radiation it 
penetrates to a level below that of the warm receptors, thus providing a reduced stimulus 
by comparison to the long wave radiation. It is known that within the visible spectrum 
radiation at the upper end of the range penetrates deeper than those wavelengths at the 
lower end of the range. It would seem reasonable to consider all wavelengths of short and 
long wavelength radiation will stimulate the warm receptors. 
Ogawa et al (1991) also investigated the effect of 3 different wavelength bands of infrared 
radiation on the sweating response of seated subjects. They compared sweating responses 
between non-irradiated and irradiated skin for near infrared (0.7 - 2.8 nm), intermediate 
infrared (1.5 -5.8 nm) and far infrared (2.8 - 25 nm) radiation. They concluded that sweat 
gland activity varies with spectral change in radiation. 
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Both of these studies used infrared radiation, in an external environment and it is unlikely 
that people are going to come into contact with such radiant heat sources. The only heat 
source that is likely to have a significant effect on a person outdoors is the sun. Therefore 
it is unlikely that infrared radiation of such intensities is going to be present without 
shortwave visible radiation. One other area of weakness is the overlapping of the infrared 
spectral wavelengths. This may mask some of the effects of particular wavelengths. The 
effects of spectral content of solar radiation on thermal comfort are not fully known. The 
number of experimental studies is very limited, and further work would be beneficial to 
determining its effect on human thermal sensation. 
If there is a difference in the thermal sensation due to the spectral property of solar 
radiation then, using a fixed total radiation intensity level, but varying the spectral content 
of that radiation will produce a variation in sensation response. If there is no significant 
effect due to spectral content then the thermal sensation responses for each of the 
conditions would be the same. 
4.2.1 Aim 
This experiment aims to establish the effect of different spectral contents of simulated solar 
radiation on the whole body and local thermal comfort of vehicle occupants. 
4.3 Experimental Method 
4.3.1 Design 
A repeated measures within-subject design was used. The experimental protocol was 
exactly the same as that used in chapter 2 and 3, with the exception of the following 
experimental variables. 
The subjects were exposed to four spectral conditions, these were achieved using different 
types of glazing, Table 4.1: 
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Table 4.1 Details oftransmission, absorption and reflective qualities ofthe glazings 
Spectrophotometry 
Glazing bW TL% TE% RL% RE% AL% AE% 
Tinted monolithic 75 49 65 19 46 
Clear laminate 89 79 774 14 
Tinted laminated 76 50 75 17 45 
PPB clear glazing 77 <50 9 <25 14 25 
TL % is the percentage of the solar radiation transmitted in visible range (380 - 760 nm) 
TE % is the percentage of the solar radiation transmitted in total range of solar spectrum radiation 
RL % is the percentage of the solar radiation reflected in visible range (380 - 760 run) 
RE % is the percentage of the solar radiation reflected in total range of solar spectrum radiation 
AL % is the percentage of the solar radiation absorbed in visible range (380 - 760 mn) 
AE % is the percentage of the solar radiation absorbed in total range of solar spectrum radiation 
The glazing had different transmission and absorption qualities, which changed the 
spectrum of radiation received by the subject from that of the simulated solar radiation 
source. This experiment required the subjects to be exposed to the same level of total 
radiation irrespective of its spectral content. Initial experimental work investigating the 
effect of direct radiation had established that a simulated radiation intensity of 400 Wm-' on 
the subject should provide a response of 'warm' on the thermal sensation scale. It was 
considered that this level of radiation would provide sufficient 'discomfort' to the subjects 
to give a good comparison between the spectra. To achieve the required level of radiation 
on the subject it was necessary to adjust the distance of the solar simulation lamps relative 
to each of the glazing types. The subjects physiological and psychological responses were 
recorded, as well as environmental parameters. 
Two, 4x4 Latin squares were derived to ensure that any presentation order effects were 
minimised, Table 4.2. 
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Table 4.2 Presentation order of the test conditionsfor each subject 
Radiation ryW Tinted Clear laminate Tinted PPB 
monolithic aminate laminate 
Subject A1324 
Subject B4132 
Subject C3241 
Subject D2413 
Subject E1423 
Subject F3142 
Subject G2314 
Sul: ject H4231 
4.3.2 Subjects 
Eight, healthy male volunteers from the Loughborough area took part in this experiment, 
Table 4.3. The subjects were paid upon completion of all 4 conditions. Subjects wore a 
specified clothing ensemble of white cotton/polyester (65/35%) long sleeve shirt, (sleeves 
rolled up above elbow), beige cotton/polyester (65/35%) trousers, and the subjects wore 
their own under garments and shoes giving an estimated clo value of 0.7 (including seat), 
(ISO 7730: 1994). The car seats used were of the type currently fitted to the Fiat Punto 
and were supplied by Fiat 
Table 4.3 Subject anthropometric data 
Height Sitting height Weight Age 
(mm) (mm) (kg) (years) 
Mean 1769 917 74.24 27.25 
Standard Deviation 74.35 20.14 12.74 3.06 
Maximum 1880 942 91.56 34 
Minimum 1657 887 52.1 24 
4.3.3 Apparatus 
A controlled environmental chamberwith simulated solar radiation lamps fitted externally. 
The chamber had a fixed frame in front of the subject that allowed the various glazings to 
be fitted. The full equipment specifications and procedure are described in chapter 2. 
4.3.4 Environmental Conditions 
The environmental chamber was controlled in order to maintain a constant neutral 
environment condition, PMV =0 (ISO 7730). The air temperature, (ta), mean radiant 
temperature (Q = t., relative humidity (rh) and air velocity (vel), subjects clothing and their 
metabolic rate, remained constant. 
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Environmental conditions, (t. in a number of positions with thermistors, t,. corrected 150 
nim black globe next to the subject , air velocity, with hot wire anemometer next to the 
subject, relative humidity behind the subject) were monitored and recorded every ten 
seconds via Eltek/Grant squirrel data loggers. Radiation level was measured with a Skye 
pyronometer SP II 10 and radiation meter SP I 100. 
4.3.5 Physical and Physiological Measurements 
A series of objective physiological measures were taken (mean and local skin temperatures) 
were recorded every 10 seconds via Eltek / Grant squirrel data loggers. Oral temperature 
was taken pre and post the experimental session. 
4.3.6 Subject Questionnaire 
The subjects were required to complete a subjective questionnaire every 5 minutes during 
the experiment. The questionnaire consisted of four sections; thermal sensation, thermal 
comfort, stickiness, and a preference vote, See Appendix A. 
4.3.7 Procedure 
Subjects were placed in a thermo-neutral room for approximately 30 minutes prior to the 
experiment. Subjects had their skin thermistors fitted and got dressed in the standard 
clothing provided. The first subjective questionnaire was completed to ensure that they 
were thermally neutral prior to undertaking the experiment. 
The subjects were taken into the environmental test chamber. They were seated in the car 
seat, and they completed a questionnaire to ensure that they were still feeling neutral. 
When both subject and experimenter were satisfied the experiment commenced and the 
subject's seat was pushed into the direct solar radiation and they completed first 
experimental questionnaire. Subjects then completed a questionnaire every 5 minutes from 
this time. The subjects were seated in the car seat for 30 minutes. 
After completion of the final questionnaire, administered at 30 minutes, the subject was 
withdrawn &om the direct radiation and a post experimental questionnaire completed. 
Full experimental procedure is described in chapter 2. 
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4.4 Results 
4.4.1 Environmental Conditions 
It can be seen from Table 4.3 that for all experimental conditions the predicted level of 
thermal comfort as calculated from ISO 7730 (1994) remained within the 0±0.5 PMV 
tolerance, when t, = t., as set a priori. Whilst it can be seen that when the actual t, is 
placed into the thermal comfort equation, (an estimation of t, based upon corrected to, the 
simulated solar radiation loads change the environments from between 'slightly 
warm'/'warm' (PMV = 1.5) to 'wann' (PMV = 2). The introduction of a directional 
source of radiation, with different spectral contents, had no significant effect on the mean 
radiant temperature as calculated from globe temperature ts. The tinted laminate, PPB 
clear, and tinted monolithic glazing had similar t. and t, temperatures, but clear laminate 
was slightly higher. 
Table 4.4 Summary of environmental data 
Glazing bW Clear Tinted PPB Clear Tinted 
Laminate Laminate Monolithic 
t, (OC) 39.54 35.03 34.28 34.89 
ts (OC) 33.66 31.05 30.45 31.27 
t, shielded (OC) 22.79 22.99 22.53 22.44 
Velocity (nils) 0.06 0.05 0.04 0.05 
Relative Humidity (%) 49.96 48.78 51.98 48.38 
PW* 0.24 0.22 0.18 0.24 
PPD * 7.46 7.27 7.20 6.46 
PW* 2.15 1.56 1.45 1.55 
PPD* 79.67 52.88 49.81 53.54 
AMV 2.06 1.88 2.26 1.83 
APD 79.4 71.1 87.0 68.6 
tr ta 
t,. measured t, 
AMV = Actual Mean Vote 
APD = Actual Percentage Dissatisfied 
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4.4.2 Objective Results - Mean Skin Temperature 
The subjects had a set of six skin thermistors attached to their bodies. Those fitted to the 
chest, upper arm, thigh and calf, were combined to give a weighted mean skin temperature, 
Figure 4.1 shows the individual subjects mean skin temperatures. 
Figure 4,1 Comparison of mean skin temperatures I. k. for the individual subjects (n - 8) 
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Figure 4.2 shows comparison of the mean of mean skin temperatures for all of the subjects 
for the four conditions. The 30 minute mark is indicated on the mean skin temperature 
graph. At this point the subjects completed their last questionnaire and remained in the 
radiation until they had completed it. 
Figure 4.2 Mean qf mean skin temperatures Iskof the sublecls. from 0 to 30 minutes (n 
Mean of mean slon tenipemttres fcr 4 different spectral ccrdents of direct sirruated sciar 
raciabcn for a Ixed load of 400 Wm' on the subject (n = 8) 
40 1ý 
C 
38 PPB cl"r 
-Tird. d -lith., 
Ji 
C-) 
32 
bý (mins) F. nS Th,, stfed iC rmnulos 
Table 4.5 shows the mean skin temperatures taken at the 30 minute stage of the 
experiment. Table 4.6 shows the mean skin temperatures ranked according to the highest 
temperature measured on each subject. Where I is the lowest temperature and 4 is the 
highest. 
Table 4.5- Mean skin temperatures over subjects (measured at 30 minutes) 
Clear laminate Tinted Laminate PPB clear Tinted 
monolithic 
Subject A 35.58 35.22 34.34 35.07 
Subject B 33.30 34.04 34.02 34.48 
Subject C 35.53 36.30 35.31 35.55 
Subject D 36.28 36.05 35.94 36.70 
Subject E 35.09 35.02 34.44 34.62 
Subject F 35.59 35.44 36. (X) 36.02 
Subject G 34.98 34.76 34.22 35.15 
Subject H 35.39 35.74 35.12 35.12 
Mean 35.22 35.32 34.92 35.34 
Standard deviation 0.87 0.73 0.78 0.73 
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Table 4.6 Alcanskin lemperalures over subjecis (rank of measured at 30 minuies) 
Clear laminate Tinted Laminate PPB clear Tinted 
monolithic 
Subject A4312 
Subject B1 11 24 
Subject C2413 
Subject D3214 
Subject E42 
Subject F24 
Subject G 
-1) 
214 
Subject H341.5 1.5 
Sum of ranks 22 22 11.5 24.5 
Rank of ranks 2.5 2.5 14 
Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
paired t-test. It can be seen that there were no significant differences between the four 
radiation conditions (Table 4.7). 
Mble 4.7 Paired i test_li)r Mean Skin Temperatures 
Radiation Clear laminate Tinted Laminate PPB clear Tinted monolithic 
t Sig Sig T Sig t Sig 
Clear laminate 4). 54 0.60 1.42 0.20 4). 62 0.55 
Tinted Laminate -2.22 0.06 -0.19 0.85 
PPB clear -3.30 
Tinted monolithic 
Note - for calculation purposes the mean skin temperature at 30 minutes was used. 
4.4.3 Mean Skin Temperature - Interpretation of Results 
The mean of the mean skin temperatures for subjects shows that the subjects were at this 
approximate temperature at the start of the expenment. With the addition of direct 
simulated solar radiation to the subject the mean skin temperature increase by 
approximately 2'C over the 30 minutes. It can be seen that there was a small variation in 
initial mean skin temperatures of some subjects, (Figure 4.1 ). With all of the radiation 
conditions a rapid change in mean skin temperature can be seen over the first 12 minutes of 
exposure with it reaching a plateau beyond that. When the end mean skin temperatures 
were ranked, Table 4.6, it was found that there was a slight trend for PPB clear glazing to 
give lower mean skin temperatures. However, this trend was not statistically significant, (P 
> 0.05, Table 4.7). It can be concluded that simulated solar radiation of a fixed intensity 
of 400 Win -2 on the subject increased mean skin temperature and that the marginality of 
increase was independent of glazing type and hence spectral quality of the radiation. 
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4.4.4 Subjective Results - Thermal Sensation Vote 
Subjects recorded their thermal sensation every five minutes, Figure 4.4 shows the 
individual curves for each subject. 
hiýgure 4.4 Mermal sensation votes. 1br individual suýjects (experimental period 0 to 30 minutes) 
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Figure 4.5 Mean overall thermal sensation graph for tý AA, fV. for 4d fferen , imulated , olar 
radiation intensities (n ý 8) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 4.8 shows the end 
sensation votes for each subject, whilst Table 4.9 shows the ranked result by subject, where 
I is the lowest sensation and 4 is the highest. 
Table 4.8 Thermal, 5ensation Fnd Votes over subjects (30 minutes) 
Glazing type Clear Laminate Tinted Laminate PPB Clear Tinted 
Monolithic 
Subject A 2.00 1.00 0.00 1.00 
Subject B 20) 2.60 3.00 3.00 
Subject C 3.40 4.00 4. (X) 4.00 
Subject D 1.00 4.00 2.00 2.00 
Subject E 2.30 2.90 2.60 2.20 
Subject F 2.40 1.60 2.30 2.30 
Subject G 1.80 3.00 1.80 2.85 
Subject H 4.20 3. 'X) 3.10 2.50 
Mean 1.88 2.26 1.83 2.06 
Standard deviation 0.99 1.12 1.18 0.87 
Table 4.9 Thermal sensations rank of end votes over subjects (30 minutes) 
Glazing type Clear Laminate Tinted Laminate PPB Clear Tinted 
Monolithic 
Subject A42.5 1 2.5 
Subject B123.5 3.5 
Subject C1333 
Subject D142.5 2.5 
Subject E2431 
Sutject F412.5 2.5 
Subject G 1.5 4 1.5 3 
Subject H4321 
Sum of ranks 18,50 23.50 19.00 19.00 
Rank of ranks 142.5 2.5 
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Table 4.10 shows that there are no significant differences between the spectral conditions. 
Table 4.10 Wilcoxon rank sign test. for thermal sensations 
Radiation Clear Laminate Tinted laminate PPB clear Tinted Monolithic 
T Sig T Sig T Sig T Sig 
Clear Laminate 15 ns 13 ns 15 ns 
Tinted laminate 7 ns 7 ns 
PPB clear 15 ns 
Tinted Monolithic 
Note -for calculation purposes lhefinal vole lakett at 30 minutes was used 
ns = not significant 
Figure 4.6 Thermal sensation graph. for mean end AMV, for 4 dýfferent SimulatedSolar radiation 
intensities (n ý 8) 
Mean end thernial sensation votes for 4 different glazing with a fixed intensity of 400 WrnF2 on 
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4.4.5 Thermal Sensation - Interpretation of Results 
Thermal sensation votes indicate how warm the subjects feel in the simulated solar 
radiation environment. It can be seen in Figure that, on average across subjects, after 30 
minutes of exposure, they were approximately 'warm' for each of the conditions they were 
exposed to. The individual subjects data shows that subjects generally began the test in a 
neutral state, (Figure 4.4). It can be seen from the standard deviations on the discomfort 
curve (Figure 4.6) that the subjects sensation votes had a wide range at this level of 
radiation. it is important to note that the size of the deviations is consistent across the 
spectral conditions. There were a number of different individual responses to the 4 
different spectral contents of the direct radiation, however taken over all subjects it can 
clearly be seen that there is no significant difference between the sensations felt for each 
condition. 
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4.4.6 Subjective Results - Thermal Comfort Votes 
Subjects recorded their thermal comfort every five minutes, the individual curves for each 
subject are shown in Figure 4.7. 
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Figure 4.8 shows the mean thermal comfort plots for all the subjects for the four 
experimental conditions. This shows clearly an increase in the level of discomfort felt by 
the subjects between each of the conditions 
Figure 4.8 Mean overall thermal comfort graph for AAIV Jbr 4 d? fferent Simulated Solar 
radiation conditions (n - 8) 
Mean therriial corrifort for 4 differert glaangs *th a fixed level of direct simulated solar 
radiabori ori the subject (400 WM-2) in = 8) 
The end vote (30 minutes) of each subject was taken for analysis. Table 4.11 shows the 
end thermal comfort votes for each subject, whilst Table 4.12 shows the ranked result bv 
subject, where I is the lowest discomfort and 4 is the highest. 
Table 4.11 'UncomfOrtable'end votes over subjects (30 minutes) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A 1.0 0.0 0.0 0.0 
Subject B 2.5 1.7 2.0 2.5 
Subject C 3.0 2.0 2.0 2.0 
Suýjcct D 1.0 1.0 3.0 1.0 
Subject E 1.1 1.8 1.9 1.3 
Subject F 1.8 1.7 0.3 1.9 
Subject G 1.7 1.4 1.7 1.1 
Subject H 2.0 2.8 2.8 2.6 
Mean 1.8 1.5 1.7 1.5 
Standard deviation 0.7 0.8 1.0 0.9 
Table 4.12 Vncorqfortable'rank qfend votes over subjects (30 minutes) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A4222 
Subject B 3.5 123.5 
Subject C4222 
Subject D2242 
Subject E1342 
Subject F3214 
Subject G 3.5 2 3.5 1 
Subject H12.5 2.5 4 
Sum of ranks 22 16.5 21 20.5 
Rank of ranks 41 3_ 2 
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Statistical analysis of the 30 minute thermal comfort votes was conducted using a 
Wilcoxon rank sum test. It can be seen that there were no significant differences between 
any of the conditions (Table 4.12). 
Table 4.12 Wilcoxon rank sum test or thermal comfort sensations .f 
Radiation Tinted Monolithic Clear Laminate Tinted laminate PPB clear 
T Sig T Sig T Sig T Sig 
Tinted Monolithic 7 lis 7 lis 7 ns 
Clear Laminate ns 15 ns 
Tinted laminate 7 ns 
PPB clear 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 4.9 Thermal comfort graph. for end AMV and standard deviation for 4 di erent Simulated 
Solar radiation intensities (n - 8) 
Mean end cornfort votes for 4 different glazing with a fixed intensitv of 400 Wrn-2 on the 
subject (n = 8) 
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4.4.7 Thermal Comfort : Interpretation of Results 
'Uncomfortable' ratings provide an indication of the thermal discomfort of the subject 
whatever the cause. For example, discomfort may be due to stickiness, warmth sensation 
and so on. Generally, the uncomfortable ratings in the experiments, followed the pattern 
indicated in the thermal sensation votes. Subjects indicating that they were between 
Csfightly uncomfortable' and 'uncomfortable' for each of the conditions. Most subjects 
showed an increase in the level of discomfort felt, however, subject A showed only a minor 
increase in the level of discomfort felt. 
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4.4.8 Subjective Results - Stickiness Vote 
Subjects recorded their stickiness every five minutes, the individual curves for each subject 
are shown below. (Figure 4,10). 
higure 4.10 Stickiness votes_for individual subjects (Experimental period 0 to 30 minutes) (n = 8) 
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Figure 4.13 shows the stickiness plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 4.13 Mean overall stickiness graph for AA4Vfor 4 different 5imulated Solar radiation 
intensities (n - 8) 
Meý stoWness sensabcn fcr 4 cifterent I azingswth a lixed lemi of drect simulated sciar 
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The end vote (30 minutes) of each subject was taken for analysis. Table 4.11 shows the 
end stickiness votes for each subject, whilst Table 4.12 shows the ranked result by subject. 
Where I is the lowest stickiness vote and 4 is the highest. 
Table4.11 Stickiness end votes over subjects (30 minutes) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A 1.00 1.00 I'M 0.00 
Subject B 3.00 2.00 3.00 3.00 
Subject C 2.40 2.00 2.00 2.00 
Subject D 2.00 1.00 3.00 1.00 
Subject E 1.60 1.80 2.20 20) 
Subject F 1.50 2.40 0.30 1.75 
Subject G 2.00 1.10 2.00 0.80 
Sutject H 2.00 2.30 2.70 2.15 
Mcan 1.94 1.70 2.03 1.59 
Standard dcviation 0.60 0.58 0.96 0.94 
Table 4.12 Stickiness ranked end votes over subjects (30 minutes) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A3331 
Subject B3133 
Subject C4222 
Subject D31.5 4 1.5 
Sutject E1243 
Subject F2413 
Subject G 3.5 2 3.5 1 
Subject H1342 
Sum of ranks 20.5 18.5 24.5 16.5 
Rank of ranks 324 
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Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
Wilcoxon rank sum test. It can be seen that there were no differences between the 
radiation conditions, (Table 4.13). 
Table 4.13 Wilcoxon rank sum test for stickiness sensations 
Radiation Tinted Monolithic Clear Laminate Tinted laminate PPB clear 
T Sig T Sig T Sig T Sig 
Tinted Monolithic 7 lis 18 lis 7 ns 
Clear Laminate 7 ns II ns 
Tinted laminate 6 ns 
PPB clear 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 4.14 Stickiness graph. for mean end AMV and standard deviation. for 4 dif) 
., 
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Solar radiation intensities (n -- 8) 
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4.4.9 Stickiness - Interpretation of Results 
When a subject becomes warm, some sweating will occur. The interaction between the 
sweat, clothing and seat materials will cause stickiness. Stickiness level is related to 
discomfort in warm environments. Ratings of stickiness can therefore provide an indication 
of thermal discomfort. In the experiment the subjects felt between 'slightly sticky' and 
csticky' with a tendency towards 'sticky'. There were no significant differences (P < 0.05) 
between the spectral conditions in terms of stickiness. 
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4.4.10 Subjective Results - Preference 
Subjects recorded their preference for their thermal environment every five minutes, the 
individual curves for each subject are shown in Figure 4.15. 
Figure 4.15 Preference votes. for individual subjects (Experimental period 0 to 30 minutes) (n 
8) 
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Figure 4.16 shows the preference plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
higure 4.16 Mean prýkrence votes, lbr subjecIs. 1br each glazing condition over 30 minutes (n = 8) 
Mean them al lxefweme vote fmTirdedmorvohthý glazngwth a fixed lewl of drect 
simulated solar radatim m the subtect (400 Wm-2) (n = 8) 
too T- I T. TýI - -- ---! f--T- - 
.i 11 -h 
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70 
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Mean thermal preference -, te for Tinted laminate glearng with. fixed 1-1 Of direct Simulated 
solar racliation M the subject (400 Wm-2) (n = 8) 
Mean thei-mal prefe-e vote fý Clew lam mate giaamg with a fixed I-ei of cbrect simulated 
solar rachatim cm the subled l400 Wm-2) (ý- 8) 
100 -771 
Mean them aI preference vote for PPB gluing Mth a fixed level of direct st-fiated solar 
rachation on the subject (400 Wm ) (n = 8) 
The end vote (30 minutes) of each subject was taken for analysis. Table 4.14 shows the 
end preference votes for each subject- Table 4.14 shows the ranked result by subject 
ranked according to their preference to change the environment. Where I is where the 
subject wanted to be cooler and 2 is where the subject wanted no change. 
Table 4.14 Preference end voles over subjecis (30 minules) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A cooler no change cooler no change 
Subject 8 cooler cooler cooler cooler 
Subject C cooler cooler cooler cooler 
Subject D cooler cooler cooler cooler 
Subject E cooler no change cooler cooler 
Subject F cooler cooler no change cooler 
Subject G cooler cooler cooler cooler 
Subject 11 cooler cooler cooler cooler 
Mcan ("/0) 100 75 87.5 87.5 
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Table 4.15 Preference ranked end votes over subjects (30 minutes) 
Glazing type Tinted Clear Laminate Tinted Laminate PPB Clear 
Monolithic 
Subject A 1.5 3.5 1.5 3.5 
Subject B 2.5 2.5 2.5 2.5 
Subject C 2.5 2.5 2.5 2.5 
Subject D 2.5 2.5 2.5 2.5 
Subject E2422 
Subject F2242 
Subject G 2.5 2.5 2.5 2.5 
Subject H 2.5 2.5 2.5 2.5 
Sum of ranks 18 22 20 20 
Rank of ranks 142.5 2.5 
4.4.11 Preference - Interpretation of Results 
Preference votes are regarded as powerful indicators of thermal comfort and satisfaction. 
They relate "how a subject feels" to "how they would like to feel". Within the experiments 
the majority of the subjects preference was to be 'cooler' across all of the spectral 
conditions presented. This would suggest that there is no significant difference between 
the conditions and that the subjects perceived sensation from the different spectral contents 
of the radiation to be the same. 
4.5 Discussion 
4.5.1 Environmental Conditions 
Table 4.4 shows that required level of PMV (with t, =Q was maintained for all conditions. 
This means that the thermal discomfort felt by the subjects is due solely to that produced 
by the simulated solar radiation of the various spectral contents. There was a slightly 
higher globe and subsequently derived mean radiant temperature measured in the clear 
laminate glazing condition. This may possibly be due to the position of the lamps relative 
to the glazing. To ensure that 400 Wm-2of total energy was received by the subject, the 
distance of the lamps was adjusted. For this condition, the lamps were only 600 mm from 
the glazing surface, to compensate for the lower level of transmission of visible radiation. 
This meant that there was some heating of the glazing, despite the use of fans to cool the 
exterior of the glazing. This is the only environmental variable which differed between 
conditions. 
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4.5.2 Mean Skin Temperature 
The weighted mean skin temperatures for the four conditions were found not to be 
significantly different, Figure 4.2 and Table 4.7. It can also be seen that the temperature of 
the surface of the skin starts to heat immediately upon exposure to the simulated solar 
radiation and it reaches a steady state at around 12 minutes for all of the spectral 
conditions, with no further increase in mean skin temperature occurring over the duration 
of the experiment. The initial increase in mean skin temperature corresponds well with that 
of the subjective responses. However, the subjective responses continue to rise over the 
last 15 minutes of the experiment, whereas the mean skin temperature does not. 
Both the individual responses, Figure 4.1, and the mean responses Figure 4.2, show that 
there is no difference in the physiological responses of the subjects to the total energy of 
400 Wmý with 4 different spectral contents. Taking the end mean skin temperatures, 
Table 4.5, it can be seen that there is a tendency for PPB Clear glazing to provide a lower 
mean skin temperature, than the other glazing. But closer inspection across the end mean 
skin temperatures of the individuals reveal that the differences within subjects are generally 
in the order of 0.5'C or less. This could be regarded as of little practical significance. 
4.5.3 Thermal Sensation 
The thermal sensation votes, Figure 4.3, showed that there was a increase in the discomfort 
felt by the subjects for all the radiation conditions. There was not a significant difference in 
the thermal sensations felt by the subjects between any of the spectral conditions. Whilst 
there was no significant difference between the conditions, there was a tendency for the 
tinted laminate condition to provide a slightly higher sensation response than the other 
three conditions. This can be seen when looking across the individual subjects end ranked 
scores. Table 4.7, showed only one subject gave 'tinted laminate" as their lowest sensation 
across all of the conditions. Across the other conditions there was no clear difference, 
although 'clear laminate' did give the lowest sensations for 4 of the subjects. 
4.5.4 Thermal Comfort 
The mean thermal comfort votes followed a similar trend to the thermal sensation votes, 
with the level of discomfort felt by the subjects increasing during the exposure. There was 
no statistical difference between any of the conditions. Subject A was noticeable amongst 
the subjects for only rating 'clear laminate' as 'slightly uncomfortable' whilst rating all the 
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other conditions as 'not uncomfortable'. This would suggest that the subject whilst feeling 
a sensation of warmth did not find this uncomfortable. 
4.5.5 Stickiness 
The mean stickiness sensations, Figure 4.10, felt by the subjects all increased with exposure 
time. There was not a significant difference between the spectral conditions. This is the 
same as for the mean thermal sensation vote. 
4.5.6 Preference 
In general in the experiment, the subjects level of preference was maintained across all 
conditions as 'cooler'. This would indicate that the 400 WiTI-2 of energy with the different 
spectral contents will always make the subjects want to be cooler. 
4.5.7 Local Sensations 
it was found that there was no significant difference between local body sensations and the 
overall sensation felt by the subjects. There was a tendency for the lower legs and feet to 
be slightly cooler than the upper regions of the body. This would be due to these parts of 
the body being shielded from the direct radiation. It is considered that the overall sensation 
vote provided a good indication of local body sensation. 
4.5.8 General Discussion 
The effect of the spectral properties of the simulated solar radiation had little or no effect 
on the thermal sensation of the subjects. This contrasted with the experiments of Narita et 
al (2001) and Ogawa et al (1991) where changes in physiological response were found for 
radiation of different spectral properties. The focus of previous studies had been to 
irradiate very small areas of the body, often with very high levels of simulated solar 
radiation. This may explain the difference in conclusions between these studies and this 
current study. The spectral properties of solar radiation may indeed have an effect on 
thermal sensation and perception if the radiation intensity is sufficiently high, 100OWm-2 
plus. From a human factors perspective it is very unlikely that people will be exposed to 
these levels of solar radiation, other than in the most extreme and hostile environments on 
the planet. Narita et al found that the effects of the spectral properties of the radiation 
were not as strong at the lower intensity. 950 Wm-2. 
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If this were the case, radiation of different spectral properties at lower, but more realistic, 
levels would have little or no effect on thermal sensation. 
The clothing of the subjects may also have had an effect on the spectral properties of the 
simulated solar radiation reaching the skin's surface. The outer surface of the clothing 
would eliminate the subtleties of the different wavelengths of radiation. The radiation 
would be absorbed by the clothing, thus heating the material of the clothing, effectively, 
reducing the radiation to principally longwave infi7a red radiation. The remainder of the 
radiation would either be reflected from the surface of the material or transmitted through 
the material on to the skin. The proportions of each of these factors would be directly 
dependent upon the physical properties of the material; type of material, weave, colour, 
thickness, and fit of garment. 
All of the subjects physiological and psychophysical responses corresponded well with 
those observed in the radiation intensity experiment, (Chapter 3 and Hodder and Parsons 
1999). The thermal sensations of the subjects for 40OWnf2of energy of different spectral 
contents were the same as those for 40OWni2measured in the intensity experiment. This 
would lead to the conclusion that it is the total intensity of energy rather than the spectral 
content that effects a persons thermal psychophysiological state. 
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4.6 Conclusions 
in conclusion, for the conditions investigated it was established that it is the total level of 
radiation applied rather than the spectral content of the radiation that wHI determine the 
level of discomfort felt. 
1. Mean skin temperature - The weighted mean skin temperatures for the four conditions 
were found not to be significantly different for an input of 400 Wnjý of direct simulated 
solar radiation of different spectral contents. 
2. Thermal sensation - The thermal sensation votes showed that there was a sensation 
scale increase of 2, for an input of direct radiation of 400 Wm-2. But there were no 
significant diffierences between the spectral conditions for clothed sedentary subjects. 
3. Thermal comfort and stickiness votes - Showed that there was a clear increase 
overtime in the discomfort felt by subjects for all of the spectral conditions. There was 
no significant difference between the conditions. 
Local sensations - there was no significant difference in the sensations felt overall and 
locally. 
5. Spectral properties of solar radiation at an intensity of 400 WM-2 has little or no effect 
on the thermal sensation of clothed people in vehicles. 
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5. The effect of different automotive glazings on the perception 
of human thermal comfort 
5.1 Chapter summary 
The effects of glazing type on human thermal comfort were investigated with a repeated 
measures experiment, using 8 male subjects. The lower the transmission of visible 
radiation of the glazing, the lower the thermal sensations (lower levels of warmth 
discomfort caused by direct solar radiation) felt by subject in an otherwise neutral 
environment. This can be further decreased by increasing the reflective qualities of the 
glazing. 
5.2 Introduction 
in chapter 3, the effect of radiation intensity on human thermal discomfort was established. 
These experiments used a thin layer of clear monolithic glazing. This had the effect of 
maintaining the almost complete spectrum of the simulated solar radiation that was used as 
a radiant energy of source. The spectral experiment (chapter 4) investigated the effects of 
glazings with different absorption, transmission and reflective qualities. Here it was 
established that for a level of radiation falling on the subject that the spectral content of the 
glazing did not effect the subjects perception of thermal sensation. However, in real world 
environments to which the glazing and vehicle will be exposed, thermal sensation will be 
effected by the level of radiation falling on the exterior of the glazing, as well as that falling 
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on the occupants. The glazing produced for the automotive industry has different spectral 
qualities, which effects both the transmission of visible and infra red radiation. Bohm et al 
(1997) investigated the performance of automotive glazing combinations for application in 
commercial vehicle cabins. They conducted their evaluation using an 18 segment thermal 
manikin. Investigating both winter and summer conditions, they found that specially 
designed and constructed glazing could improve the thermal climate in the cab. They also 
investigated the use of low transmission sunscreens too. These reduced the transmission of 
visible radiation to 22%, compared with the minimum legal requirement of 75% for 
vehicles on public roads. This was found to improve the thermal environment of the cabin 
further, similar to those expected for indoor, non radiant environments. The use of 
sunshades was also found to significantly reduce the heat gain in tractor cabs by O'Neill 
(1978). 
It is considered that it is important to quantify the interactions of radiation intensity, and 
the spectral content of the glazing. Whilst, Bohm et al, and O'Neill objectively assessed 
the properties of glazing, there has been no assessment of these properties with human 
subjects. This experiment investigated the effect of glazing type on human thermal 
comfort, using a fixed level of radiation falling on the exterior of the glazing, thus assessing 
the glazing in terms of the subjective responses of the subjects. 
5.2.1 Aim 
It was the aim of this experiment to determine the physiological and psychological 
responses of subjects exposed to a range of automotive glazing with different spectral 
qualities using a fixed external level of simulated solar radiation, and to establish if it can 
affect the thermal comfort of vehicle occupants. 
5.3 Experimental Method 
5.3.1 Design 
A repeated measures within-subject design was used. The experimental protocol was the 
exactly as detailed in Chapter 2, with the exception of the following experimental variables. 
The subjects were exposed to four glazing conditions, (Table 5.1): 
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Table 5.1 Details of transmission, absorption and reflective qualities of the glazings 
Spectrophotometry 
Glazing type TL% TE% RL% RE% AL% AE% 
Clear Monolithic (CM) 90 84 8828 
Clear Laminate (CL)' 89 79 774 14 
Tinted Laminated (TL) 76 50 75 17 45 
PPB clear glazing (PPB) 77 <50 9 <25 14 25 
TL % is the percentage of the solar radiation transmitted in visible range (380 - 760 mn) 
TE % is the percentage of the solar radiation transmitted in total range of solar spectrum radiation 
RL % is the percentage of the solar radiation reflected in visible range (380 - 760 mn) 
RE % is the percentage of the solar radiation reflected in total range of solar spectrum radiation 
AL % is the percentage of the solar radiation absorbed in visible range (380 - 760 run) 
AE % is the percentage of the solar radiation absorbed in total range of solar spectrum radiation 
The glazings had different transmission and absorption qualities, which effected the spectral 
content the simulated solar radiation and the intensity of the radiation falling on the subject. 
This experiment required the subjects to be exposed to different types of automotive 
glazings with the same level of external radiation on the glass surface. For this experiment 
it was important to have a high level of radiation on the glazing of 1000 Wrný. This is 
representative of the most extreme conditions which could be expected to be found on the 
earth, Iqbal (1991). It was considered that this level of radiation would provide sufficient 
'discomfort' to the subjects to give a good comparison between the glazings. The solar 
simulation lamps were set at a fixed distance and the glazings changed. Any change in the 
level of radiation falling on the subjects would be due to the absorption, reflection and 
tranmission qualities of the glazing. 
The subjects physiological and psychological responses were recorded, as well as all of the 
environmental parameters. 
Two, 4x4 Latin squares were derived to ensure that any presentation order effects were 
miniýnised, as shown in Table 5.2. 
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Table 5.2 Presentation order of the test conditionsfor each subject 
Radiation type Clear laminate Clear Tinted PPB 
monolithic laminate 
Subject A4123 
Subject B3214 
Subject C1432 
Subject D2341 
Subject E1432 
Subject F2341 
Subject G4123 
Subject H3214 
5.3.2 Subjects 
Eight, healthy and fit male volunteers from the Loughborough area took part in this 
experiment, Table 5.3. The subjects were paid upon completion of all 4 conditions. 
Subjects wore a specified clothing ensemble detailed in chapter 2. 
Table S. 3 Subject anthropomettic data 
Height Weight Age 
(mm) (kg) (years) 
Mean 1793.5 84.3 25.6 
Standard Deviation 71.2 14.4 5.1 
Maximum 1880.0 111.3 34 
Minimum 1720.0 75.0 20 
5.3.3 Apparatus 
A controlled environmental chamber with simulated solar radiation lamps fitted externally. 
The chamber had a fixed frame in front of the subject that allowed the various glazings to 
be fitted. As fully detailed in chapter 2. 
5.3.4 Environmental Conditions 
The environmental chamber was controlled in order to maintain a constant neutral 
environment condition, PMV =0 (ISO 7730). The air temperature, (t. ), mean radiant 
temperature (t,. ) = t., relative humidity (rh) and air velocity (vel), subjects clothing and their 
metabolic rate, remained constant. 
Environmental conditions, (t. in a number of positions with thermistors, t, corrected 150 
mm black globe next to the subject, air velocity, with hot wire anemometer next to the 
subject, relative humidity behind the subject) were monitored and recorded every ten 
seconds via Eltek/Grant squirrel data loggers. Radiation level was measured with a Skye 
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pyronometer SP II 10 and radiation meter SP I 100. 
5.3.5 Physical and Physiological Measurements 
A series of objective physiological measures were taken (mean and local skin temperatures) 
were recorded every 10 seconds via Eltek / Grant squirrel data loggers. Oral temperature 
was taken pre and post the experimental session. 
5.3.6 Subject Questionnaire 
The subjects were required to complete a subjective questionnaire every 5 minutes during 
the experiment. The questionnaire consisted of four sections; thermal sensation, thermal 
comfort, stickiness, and a preference vote. 
5.3.7 Procedure 
Subjects were placed in a thenno-neutral room for approximately 30 minutes prior to the 
experiment. Sub ects were fitted with skin thermistors and dressed in the standard clothing j 
provided. The first subjective questionnaire was completed to ensure that they were 
thermally neutral prior to undertaking the experiment. 
The subjects were taken into the environmental test chamber. They were seated in the car 
seat, and they completed a questionnaire to ensure that they were still feeling neutral. 
When both subject and experimenter were satisfied the experiment commenced and the 
subject's seat was pushed into the direct solar radiation and they completed the first 
experimental questionnaire. Subjects then completed a questionnaire every 5 minutes from 
this time. The subjects were seated in the car seat for 30 minutes. 
After completion of the final questionnaire, administered at 30 minutes, the subject was 
withdrawn from the direct radiation and a post experimental questionnaire completed. 
The procedure is fully detailed in chapter 2. 
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5.4 Results 
5.4.1 Environmental Conditions 
It can be seen from Table 5.4 that for all experimental conditions the predicted level of 
thermal comfort as calculated from ISO 7730 (1994) remained with in the ± 0.5 PMV 
tolerance, when t, = t., as set a priori. Whilst, it can be seen that when the actual t, is 
placed into the thermal comfort equation, the simulated solar radiation loads change the 
environments from between 'slightly warm'Pwarm' (PMV = 1.5) to 'warm' (PMV = 2). 
The introduction of a directional source of radiation, with different spectral contents, had 
no significant effect on the mean radiant temperature as calculated from globe temperature 
t.. The tinted laminate, PPB clear, had similar t. and t, temperatures, but clear monolithic 
clear laminate were slightly higher. 
Table 5.4 Summary of environmental data 
Glazing type Clear Clear Tinted PPB Clear 
monolithic Laminate laminate 
4 (00 37.5 36.2 31.0 31.1 
t9 (00 46.0 44.0 35.4 35.5 
t. (OC) 24.3 24.1 23.8 23.7 
Velocity (M/S) 0.05 0.04 0.04 0.03 
Relative Humidity C/o) 31.6 33.8 37.2 32.2 
Direct radiation ffmý) 628 577 339 309 
t, calculated (OC) 36.8 35.6 28.4 27.4 
PWO 0.1 0.1 0.0 0.0 
PPD e 5.1 5.2 5.0 5.0 
PMV* 2.7 2.4 1.3 1.3 
PPD* 97.1 91.3 40.3 39.2 
PMVO 1.5 1.7 0.6 0.4 
PPDO 52.2 60.1 12.3 9.1 
AMV 3.3 2.6 1.8 1.4 
APD 100.0 98.0 84.2 68.0 
4= ta 
t, = mcasured t, 
0 t, = calculatcd tý 
AMV = Actual Mean Vote 
APD = Actual Percentage 
5.4.2 Environmental Conditions - Interpretation of Results 
The environmental conditions were within the required experimental parameters, PMV =0 
± 0.5 with no direct radiation. The environmental parameters were consistent across the 4 
conditions. Radiation levels were measured on the subjects chest and thighs. It can be seen 
that the level of radiation varies significantly between glazing types. 
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5.4.3 Objective Results - Mean Skin Temperature 
The subjects had a set of six skin thermistors attached to their bodies. Those fitted to the 
chest, upper arm, thigh and calf, were combined to give a weighted mean skin temperature. 
Figure 5.1 shows the individual subjects mean skin temperatures. 
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Figure 5.2 shows the comparison of the mean of mean skin temperatures for all of the 
subjects for the four conditions. The 30 minute mark is indicated on the mean skin 
temperature graph. At this point the subjects completed their last questionnaire and 
remained in the radiation until they had completed it. 
Figure 5.2 Mean of mean skin temperatures tsk qf the subjectsfirom 0 to 30 minutes (n - 8) 
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Table 5.5 shows the mean skin temperatures taken at the 30 minute stage of the 
experiment. Table 5.6 shows the mean skin temperatures ranked according to the highest 
temperature measured on each subject. Where I is the lowest temperature and 4 is the 
highest. 
Table 5.5 Mean skin temperatures over sublects (measured at 30 minutes) 
Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subject A 34.79 34.44 33.81 33.81 
Subject B 35.18 35.30 34.02 33.09 
Subject C 35.74 35.67 34.65 35.03 
Subject D 35.19 35.15 34.31 35.19 
Subject E 35.95 36.02 34.99 34.54 
Subject F 35.33 36.13 33.77 35.12 
Subject G 35.13 35.37 33.54 33.72 
Subject H 34.30 34.50 34.34 33.46 
Mean 35.20 35.32 34.18 34.24 
Standard deviation 0.52 0.63 0.49 0.83 
Table 5.6 Meansldn temperatures over subjects (rank qI'measured at 30 minutes) 
Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subiect A431.5 1.5 
Subject B3421 
Subject C4312 
Subject D 3.5 213.5 
Subject E3421 
Subject F3412 
Subject G -3 413 
23 
Sum of ranks 24.5 28 11.5 17 
Rank of ranks 3412 
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Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
paired t-test. It can be seen that there are significant differences between the four radiation 
conditions (Table 5.7). 
Table 5.7 Paired t test. fbr Mean Skin Temperatures 
Glazing type Clear laminate Clear monolithic PPB clear Tinted laminate 
t Sig t Sig T Sig t Sig 
Clear laminate -1.23 0.257 5.92 0.001 5.19 0.001 
Clear monolithic 5.01 0.002 6.03 0.001 
PPB clear 0.57 0.588 
Tinted laminate 
Note - for calculation purposes the mean skin temperature at 30 minutes was used. 
A naljýTis: SPSS for windows, 9.0.0 
5.4.4 Mean Skin Temperature - Interpretation of Results 
It can be seen that there was a small variation in initial mean skin temperatures of some 
subjects, (Figure 5.1). The mean of the mean skin temperatures for subjects shows that the 
subjects were at the same starting temperature at the beginning of the experiment, (Figure 
5.2). The addition of direct simulated solar radiation to the subjects resulted in the mean 
skin temperature increasing by approximately 2'C over the 30 minutes for the 'clear 
monolithic' and 'clear laminate' glazings. Whilst the mean tsk response for subjects 
exposed to the 'tinted monolithic' and PPB Clear' glazing rose by over YC. With all of 
the glazing conditions a rapid change in mean skin temperature can be seen over the first 
10 to 12 minutes of exposure with a plateau beyond that. This indicates that the subjects 
were in a steady state of thermoregulation. There were significant differences (P < 0.01) 
between all of the mean skin temperatures with the exception of 'clear monolithic and clear 
laminate' and 'tinted monolithic and PPB Clear' glazing combinations, Table 5.7. 
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5.4.5 Subjective Results - Sensation Votes 
Figure 5.3 Thermal sensation votes for individual subjects (experimental period 0 to 30 
minutes) shows the individual curves for each subject. The subjects recorded their thermal 
sensation every five minutes,. 
Figure 5.3 Thermal sensation votes, for individual subjects (experimental period 0 to 30 minutes) 
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Figure 5.4 Mean overall thermal sensation graph for AMV for 4 dýfferenj 'Yimulated Solar 
radiation intensities (n = ý) 
Mean thermal sensation for 4 different glazings with a fixed level of direct simulated solar 
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The end vote (30 minutes) of each subject was taken for analysis. Table 5.8 shows the end 
sensation votes for each subject, whilst Table 5.9 shows the ranked result by subject. 
ranked according to the greatest sensation measured on each subject. Where I is the 
lowest sensation and 4 is the highest. 
Table 5.8 - Thermal Sensation End Votes over subjects (30 minutes) 
Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subject A 2.00 3.40 0.80 2.00 
Subject B 2,10 2.35 0.70 2.20 
Subject C 2.50 2.60 1.00 0.80 
Subject D 3.35 3.60 1.95 1.20 
Subject E 3.40 3.00 2.00 2.50 
Subject F 2.85 2.90 1.85 2.10 
Subject G 2.30 4.60 2.80 1.75 
Subject H 2.55 4.00 0.45 2.30 
Mean 2.63 3.31 1.44 1.86 
Standard deviation 0.53 0.75 0.82 0.58 
Table 5.9 - Thermal sensations rank qfend votes over subjects (30 minutes) 
Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subiect A 2.5 41 
Subject B241 
Subject C342 
Subiect D342 
Subject E341 
Subject F341 
Subject G243 
Subiect H341 
Sum of ranks 21.5 31 12 
Rank of ranks 341 
2.5 
3 
2 
2 
1 
2 
14.5 
2 
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Table 5,10 shows that there are significant differences between all but two of the 
conditions. 
Table 5.10 Wilcoxon rank sign test. for thermal sensations 
Radiation Clear laminate Clear monolithic PPB clear Tinted laminate 
T Sig T Sig T Sig T Sig 
Clear Laminate -1.82 0.07 -2.39 0.02 -2.20 0.03 
Clear monolithic -2.52 0.01 -2.52 0.01 
PPB clear -1.12 0.26 
Tinted laminate 
Nole -fior calculalion purposes Ifiefincil vole laken al 30 minwes was used 
Figure 5.5 -Thermal sensation graph for mean end AMV (n 8) 
Mean thermal sensation end vote for 4 different giazwip with a fixed intensity of 1000 WM-2 
of simulated solar radiation on the glazing (n = 8) 
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5.4.6 Thermal Sensation - Interpretation of Results 
Thermal sensation votes indicate how warm the subjects feel in the environment. It can be 
seen in Table 5.8 that, on average across subjects, after 30 minutes of exposure, they were 
between 'slightly warm' and above 'hot' in terms of sensation for the glazing types that 
they were exposed to. The individual sensation response data shows that all of the 
subjects began the test in a neutral state. It can be seen from the standard deviations on the 
discomfort curve (Figure 5.3) that the subjects sensation votes had a consistent variation 
across the conditions. There were significant 
differences (P < 0.05) between all of the 
sensations with the exception of 'clear monolithic and clear laminate' and 'tinted 
monolithic and PPB Clear' glazing combinations. There was also a trend towards a 
difference between Clear laminate and Clear Monolithic, (P = 0.07). 
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5.4.7 Subjective Results - Thermal Comfort Votes 
Subjects recorded their thermal comfort every five minutes, the individual curves for each 
subject as shown in Figure 5.6. 
Eigure5.6 'Uncomffirtable'votes. for individual subjects (&perimental period 0 to 30 minutes) 
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Figure 5.7 shows the mean thermal comfort plots for all the subjects for the four 
experimental conditions. This shows clearly an increase in the level of discomfort felt by 
the subjects between each of the conditions. 
Figure 5.7 -Mean overall thermal comlbrt graph Ibr AMV (n 8) 
Mean thermal comfort for 4 different glazings with a fixed level of direct simulated solar 
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The end vote (30 minutes) of each subject was taken for analysis. Table 5.11 shows the 
end thermal comfort votes for each subject, whilst Table 5.12 shows the ranked result by 
subject, ranked according to the highest temperature measured on each subject. 
Table 5.11 'Uncomfortable I end votes over slibjects (30 minutes) 
Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subject A 1.70 2.40 0.80 1.00 
Subject B 1.30 1.60 0.65 1.40 
Subject C 1.50 1.80 0.40 0.20 
Subject D 2.25 2.10 1.35 0.20 
Subject E 2.00 2.00 0.00 1.20 
Subject F 1.60 2.00 0.75 2.00 
Subject G 1.80 2.65 2.00 0.85 
Subject H 1.30 2.20 0.60 1.40 
Mean 1.68 2.09 0.82 1.03 
Standard deviation 0.33 0.33 0.61 0.62 
Table 5.12 'UncoMfortable'rank of end votes over subjects (30 minutes) 
Glazing qW Clear laminate Clear PPB clear Tinted Uminate 
monolithic 
Subject A342 
Subject B243 
Subject C431 
Subject D431 
Subject E 3.5 3.5 2 
Subject F23.5 3.5 
Subject G241 
Subject H241 
Sum of ranks 22.5 29 14.5 
Rank of ranks 342 
2 
2 
3 
3 
14 
1 
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Statistical analysis of the 30 minute thermal comfort votes was conducted using a 
Wilcoxon rank sum test. It can be seen that there were significant differences (P < 0.05) 
between only two of the conditions (Table 5.13). 
Table 5.13 - Wilcoxon rank sum test. lbr thermal comf1bri sensations 
Radiation Clear Laminate Clear monolithic PPB clear 
T Sig T Sig T Sig 
Clear Laminate -0.20 0.03 -2.38 0.02 
Clear monolithic -2.52 0.02 
PPB clear 
Tinted laminate 
Tinted laminate 
T Sig 
-1.68 0.09 
-2.37 0.02 
-0.77 0.44 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 5.8 - Thermal comfort graph fior end AMV and standard deviation (n -- 8) 
Mean riermal comfort end vote for 4 different glazings with a fixed intensity of 1000 Aim ' of 
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5.4.8 Thermal Comfort : Interpretation of Results 
'Uncomfortable' ratings provide an indication of the thermal discomfort of the subject 
whatever the cause. Generally, the uncomfortable ratings in the experiments, followed the 
pattern Indicated in the thermal sensation votes. Subjects indicating that they were 
between 'slightly uncomfortable' and 'uncomfortable' for over the four conditions. The 
individual comfort response data shows that all of the subjects began the test in a neutral 
state. It can be seen from the standard deviations on the discomfort curve (Figure 5.8) that 
the subjects sensation votes had a consistent variation across the Clear Laminate and Clear 
Monolithic conditions, whilst the deviations were greater for tinted laminate and PPB 
Clear. There were significant differences (P < 0.05) between all of the sensations with the 
exception of 'tinted laminate and clear laminate' and 'tinted monolithic and PPB Clear' 
glazing combinations. There was also a trend towards a difference between Clear laminate 
and tinted laminate glazing, (P ý 0.09). 
Page 124 
5.4.9 Subjective Results - Stickiness Vote 
Subjects recorded their stickiness every five minutes, the individual curves for each subject 
as shown in Figure 5.9. 
Eýgure 5.9 Stickiness votes. 16r individual subjects (Experimental period 0 to 30 minutes) (n = 8) 
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Figure 5.10 shows the stickiness plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 5.10 Mean overall thermal comfort graph for AMV (n - 8) 
Mean stickiness vote for 4 different glazings wM a fixed level of direct simulated solar 
radiation on the glazing (1000 Wm2) (n = 8) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 5.14 shows the 
end stickiness votes for each subject, whilst Table 5.15 shows the ranked result by subject. 
ranked according to the highest temperature measured on each subject. 
Table 5.14 Stickiness end votes over subjects (30 minutes) 
Glazing type Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subiect A 2.00 2.50 (). I () 0.85 
Subject B 1.60 1.75 0.85 1.90 
Subject C 1,80 20) 0.40 (). I () 
Subject D 2.15 2.15 1.85 1.00 
Subject E 2.00 2.00 0.00 1.00 
Subject F 1.75 2.20 0.75 2.20 
Subject G 1.85 2.80 2.00 0.00 
Subject H 1.60 2.40 Hx) 1.70 
Mean 1.84 2.23 0.87 1.09 
Standard deviation 0.20 0.33 0.74 0.80 
Table 5.15 Ranked stickiness end votes over subjects (30 minutes) 
Glazing type Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subject A3412 
Subject B2314 
Subject C4321 
Subject D 3.5 3.5 21 
Subject E 3.5 3.5 12 
Subject F23.5 1 3.5 
Subject G2431 
Subject H2413 
Sum of ranks 22 28.5 12 17.5 
Rank of ranks 3412 
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Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
Wilcoxon rank sum test. It can be seen that there were significant differences (P < 0,05) 
between only two of the radiation conditions, (Table 5.16). 
Table 5.16 - Wilcoxon rank sum test lbr stickiness sensations 
Radiation Clear Laminate Clear monolithic PPB clear Tinted laminate 
T Sig T Sig T Sig T Sig 
Clear Laminate -2.20 0.03 -2.38 0.02 -1.68 0.09 
Clear monolithic -2.52 (). ()1 -2.19 0.03 
PPB clear -0.70 0.48 
Tinted laminate 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 5.11 - Stickiness graph. for mean end AMV and standard deviation (n - 8) 
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5.4.10 Stickiness - Interpretation of Results 
in the experiment the subjects felt between 'slightly sticky' PPB clear and tinted laminate 
glazings and 'sticky' with a tendency towards 'sticky' for the Clear Monolithic and Clear 
Laminate glazings. There are wide deviations for all of the glazing types with the 
exception of the Clear Laminate which has a very small, 0.2. This is because the subject all 
voted this condition as 'sticky', whilst for the other conditions some subjects reported no 
stickiness at all. The individual stickiness response data shows that all of the subjects began 
the test in a neutral state. It can be seen from the standard deviations on the discomfort 
curve (Figure 5.11) that the subjects sensation votes had a Consistent variation across the 
Clear Laminate and Clear Monolithic conditions, whilst the deviations were greater for 
tinted laminate and PPB Clear. There were significant differences (P < 0.05) between all of 
the sensations with the exception of 'tinted laminate and clear laminate' and 'tinted 
monolithic and PPB Clear' glazing combinations. There was also a trend towards a 
difference between Clear laminate and tinted laminate glazing, (P = O. oq). 
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5.4.11 Subjective Results - Preference 
Subjects recorded their preference for their thermal environment every five minutes, the 
individual curves for each subject as shown in Figure 5.12. 
Eigure 5.12 Preference votes for individual subjects (Experimental period 0 to 30 minutes) (n 
8) 
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Figure 5.13 shows the preference plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 5.13 - Mean preference votes. for subject. y. for each glazing condition over 30 minutes (n 
8) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 5.11 shows the 
end sensation votes for each subject, whilst Table 5.12 shows the ranked result by subject 
ranked according to the highest temperature measured on each subject. Where I is where 
the subject wanted to be cooler and 2 is where the subject wanted no change. 
Table 5.17 Prqference end votes over subjects (30 minutes) 
Glazing type Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subiect A 1.85 2.35 0.45 1.50 
Subject B 2.00 2.00 0.20 0.80 
Subject C 2.00 1.55 0.70 0.45 
Subject D 2.70 2.50 1.05 0.30 
Subject E 2.65 2.30 0.00 1.80 
Subject F 1.70 2.10 1.10 IN 
Subject G 1.65 2.30 1.20 0.75 
Subject H 2.25 2.75 0.60 2.30 
Mean 2.10 2.23 0.66 1.24 
Standard deviation 0.40 0.36 0.44 0.76 
Tahje5j8 PrOerence ranked end votes over suýjecls (30 minutes) 
Glazing type Clear laminate Clear PPB clear Tinted Laminate 
monolithic 
Subject A3412 
Subject B 3.5 3.5 12 
Subject C4321 
Subject D4321 
Subject E4312 
Subject F2413 
Subject G3421 
Subject H2413 
Sum of ranks 25.5 28.5 11 15 
Rank of ranks 3412 
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Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
Wilcoxon rank sum test. It can be seen that there were significant differences (P < 0.05) 
between three of the radiation conditions, 
Table 5.19 Wilcoxon rank sum test. 1br prelýrence votes 
Radiation Clear laminate Clear monolithic PPB clear Tinted laminate 
T Sig T Sig T Sig T Sig 
Clear laminate -1.18 0.23 -2.52 0.01 -2.10 0.03 
Clear monolithic -2.52 0.01 -2.52 0.01 
PPB clear -1.540 0.12 
Tinted laminate 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 5.14 Preference graph fir mean end AMV and standard deviation (n 8) 
Mean preference end vote for a fixed level of 1000 Wm-2 of direct simulated solar radiation 
on 4 different glazings in = 8) Much 3 
Cooler 
Cooler 
slighty 
cooler 
NeUVW 0 
Slighfly 
wamer -1 
Warmer 
Rich 
warmer 
I-- 
Clear Clear Tinted PPB Clear 
Monolithic Larninalle Lairninate 
5.4.12 Preference - Interpretation of results 
Preference votes are regarded as powerful indicators of thermal comfort and satisfaction. 
They relate "how a subject feels" to "how they would like to feel". For the conditions 
which the subjects were exposed to the preference votes again fell into two main groups. 
Clear Monolithic and Clear Laminate glazings producing a vote of 'cooler', whilst the 
tinted laminate and PPB Clear produced a vote of 'slightly cooler'. For two of the 
conditions the standard deviations were small, indicating that all of the subjects were in 
agreement with regards to 'how they would like to 
feel now'. The individual preference 
response data shows that all of the subjects began the test in a neutral state. It can be seen 
from the standard deviations on the discomfort curve (Figure 5.14) that the subjects 
sensation votes had a consistent variation across the Clear Laminate and Clear Monolithic 
conditions, whilst the deviations were greater for tinted laminate and PPB Clear. There 
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were significant differences (P < 0.05) between all of the sensations with the exception of 
'tinted laminate and clear laminate' and 'tinted monolithic and PPB Clear' glazing 
combinations. There was also a trend towards a difference between Clear laminate and 
tinted laminate glazing, (P = 0.09). 
5.5 Discussion 
5.5.1 Environmental Conditions 
Table 5.4 shows that the required level of PMV (with t,. =Q was maintained for all 
conditions. This means that the thermal discomfort felt by the subjects is due solely to that 
produced by the direct simulated solar radiation. The globe and derived mean radiant 
temperatures varied between the conditions. This was as a result of the level of radiation 
transmitted through the different glazings. The glazings essentially fell into two groups, 
'CL & CM'which allowed radiation of the level of 600 Wmý ± 30 Wm-2 through and onto 
the subject. Whilst the other two glazings, 'TL & PPB' gave radiation levels of the subject 
in the order of 325 Wmý ± 15 Wm`2. Glazings CM & CL showed slight differences in 
globe and derived mean radiant temperature, this is due to the difference of 51 Wnf2 in 
radiation intensity between the two glazings. Between glazings TL & PPB there is no 
difference between the globe temperature and the derived mean radiant temperature. 
5.5.2 Mean Skin Temperature 
The weighted mean skin temperatures for all but two of the compared conditions were 
significantly different, (P :! ý 0.01), Figure 5.2 and Table 5.7. But between the paired 
conditions CL / CM and TL / PPB there was no difference. As with the Intensity and 
Spectral effect experiments there is an immediate increase in the surface temperature of the 
skin upon exposure, reaching a steady state at around 12 minutes. With no further increase 
in mean skin temperature occurring over the remaining duration of the experiment. 
The mean responses, Figure 5.2, show that there is no difference in the physiological 
responses of the subjects to radiation of similar intensity. This suggests that whilst 
physiological responses are a good indicator of thermal state, they cannot be relied on to 
provide a definitive response when there is a difference of less than 100 Wm"2 or less. 
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5.5.3 Thermal Sensation 
The thermal sensation votes, Figure 5.3, showed that there was a significant increase in the 
sensations felt by the subjects for the CL & CM conditions when paired against both the 
PPB and TL glazing conditions, (P:! ý 0.03). 
There were no significant difference between the CL and CM glazing (P = 0.07) and the 
PPB and TL glazing (P = 0.26). This shows that whilst the difference between the CL & 
CM glazing is not significant, there is a trend towards there being a diffierence. The 
difference in terms of direct radiation between these two conditions was 51 Wnf2, in 
neutral conditions this would equate to a radiant asymmetry of 7.5'C. Traditionally radiant 
asymmetry has been considered in terms of heated or cooled ceilings and walls, McIntyre 
(1974), Fanger and Langkilde (1975). Whilst, radiant asymmetry from surfaces above can 
start to cause dissatisfaction from subjects when the asymmetry is low, less than 2"C. when 
considering vertical surfaces, higher asymmetries can be reached before subjects begin to 
register dissatisfaction, 7'C, ASHRAE (1993). If we consider the radiation falling on the 
subject in these terms such smaU variations in radiation and consequently variation in 
temperature, then a variation of 50 Wmý should be considered unlikely to have a major 
effect on the sensations of the subjects. This would then suggest that variations in direct 
radiation greater than, say 70 Wm-2, should be detectable by humans. 
5.5.4 Thermal Comfort 
The mean thermal comfort votes Figure 5.7 followed a similar trend to the thermal 
sensation votes. However there was only a significant statistical difference between PPB 
and CM & CL glazing conditions (P < 0.05). Glazing TL showed trends towards 
significant differences against CM & CL, (P = 0.08 and 0.09 respectively). There were 
again no differences between PPB & TL and CM & CL glazings. There was much greater 
variability in the subjective responses of the subjects for their perceptions of thermal 
comfort than for sensation. This varies from what would be expected, normally sensation 
and comfort are highly correlated 0.85, (McIntyre 1980). The correlations between 
sensation and comfort for this experiment were much 
lower than expected. 
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Kible 
-5.20 
Spearmim's rho correlation 's. fiwsensalion qgainst coiýfiw voics 
Sensation Clear laminate Clear monolithic PPB clear Tinted laminate 
Comfort I' Sig r Sig r Sig R Sig 
Clear laminate 4). 19 0.64 
Clear monolithic 
PPB clear 
Tinted laminate 
0.., 2 0.43 
4). 44 0.27 
-0.3 0.45 
This indicates that subjects perceived the glazing effect in terms of thermal sensation quite 
clearly, but that it had a considerablv difFerent effect of their perception of thermal comfort, 
In this particular experiment thermal comfort proved to be a measure that did not reliably 
indicate how the subjects were feeling. 
5.5.5 Stickiness 
The mean stickiness votes, Table 5.14, fell by the subjects between glazings were 
significant between all glazing conditions, (P - 0-03)), with the exception of Clear Laminate 
/ tinted laminate and PPB Clear / tinted laminate. These responses were similar to the 
mean thermal comfort votes. with the Clear Laminate and Clear Monolithic conditions 
being rated consistently by the subjects. The responses to the tinted laminate and PPB 
Clear conditions showed a much greater variation, this would suggest that in terms of 
stickiness that some subjects responded with very low votes, 0.3,0.45, whilst others were 
high, 2.00,230. 
5.5.6 Preference 
In general in the experiment, the subjects level of preference increased with the level of 
radiation they were exposed too, Figure 5 13), with the subjects wanting to be increasingly 
cooler as the radiation levels increased. There were significant ditTerences between all but 
, conditions 
(P < 0.03). Clear Laminate and Clear Monolithic show no two of the glazing 
significant difference between them in terms of preference. 
5.5.7 Local Sensations 
It was found that there was no significant difference between local body sensations and the 
overall sensation felt by the subjects- There was a tendency for the lower legs and feet to 
be slightly cooler than the upper regions of the body. This would be due to these parts of 
the body being shielded from the direct radiation. It is considered that the overall sensation 
vote provided a good indication of local body sensation. 
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5.5.8 General Discussion 
The glazings assessed fell into two main categories, 'clear' and 'tinted'. Clear having a 
very high transmission of visible radiation (90%) and low levels of reflected and absorbed 
radiation. The tinted, has a transmission level close to the legal limit (75%) and in the case 
of the PPB Clear has a much higher percentage of reflected and absorbed radiation. It can 
be seen that the greater the reduction of transmitted radiation to the vehicle occupant the 
lower the thermal sensations that are felt by them. This concurs with Bohm et al (1997) 
where they predicted improved environmental conditions in the occupant space using 
glazing that reduces the level of solar radiation. The most effective glazing was PPB Clear, 
this incorporated an infra red filter. 
All of the subjects physiological and psychophysical responses corresponded well with 
those observed in the radiation intensity and spectral experiments, Chapters 3 and 4. 
if the level of sensation felt by the subjects is corrected for a single scale point (radiation 
energy / mean sensation vote), Table 5.21, then the level of radiation required to produce a 
vote of I for each glazing can be seen. 
Table J. 21 - Compaiison ofenergyper sensation scalepointfor each condition 
Clear Clear PPB clear Tinted 
laminate monolithic laminate 
AMV 2.63 3.31 1.44 1.86 
Energy per scale point 219 189 165 182 
(WM-2) 
This would suggest that for all but the PPB Clear glazing condition that the mean scale 
response to the level of radiation is 196 Wrný. This corresponds well with the energy per 
scale point found in the intensity experiment, (chapter 3). PPB Clear glazing showed a 
slightly higher response to the radiation level than was experienced in the other conditions. 
This may be due to wide range of individual responses to the level of radiation, ranging 
from 0.45 between neutral and slightly warm, and 2.80, nearly hot on the sensation scale. 
This would suggest that at the lower levels of direct solar radiation the subject could not so 
clearly perceive the sensations they felt. 
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5.6 Conclusions 
in conclusion, for the conditions investigated it was established that glazing type can 
significantly influence the thennal sensations of vehicle occupants. 
Mean skin temperature - The weighted mean skin temperatures for the 'clear' glazing 
were found to be significantly different from the 'tinted' glazings. Mean skin 
temperature is not a reliable measure between conditions when the level of energy 
between them is less than 50 Wm72. 
2. Thermal sensation - there were significant increases in sensation with level of radiation 
applied. Subjective responses are sensitive to small changes in radiant energy. 
3. Thermal comfort and stickiness votes - These showed that there was a clear increase in 
the discomfort felt by subjects for the different glazings. 
4. Thermal preference - As thermal sensation increases so does the preference to be 
cooler. 
5. Local sensations - there was no significant difference in the sensations felt overall and 
locally. 
6. The lower the transmission of visible radiation of the glazing, the lower the thermal 
sensations felt by subject in a neutral environment. This can be further decreased by 
increasing the reflective qualities of the glazing. 
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6. The comparison of the effect of re-radiated black body 
radiation combined with simulated solar radiation on human 
thermal comfort 
6.1 Chapter Summary 
The issue of long wave re radiation, combined with direct solar radiation was investigated. 
In conclusion, for the conditions investigated it was established that the addition of re- 
radiation from internal components has an effect on thermal sensation when combined with 
direct solar radiation. However, it is not considered that it will be a major factor in a real 
world situation. This is because in practice, dashboards are unlikely to maintain very high 
surface temperatures in vehicles without an unacceptably high air temperature. 
6.2 Introduction 
I 
In the previous three chapters the effect of direct simulated solar radiation intensity and the 
effect of spectral content of radiation on human thermal discomfort were established. 
These experiments considered short wave radiation, primarily in the form of visible 
radiation, (380-400 - 760-780 nm). Whilst this is a major radiant energy component (47%) 
there is more energy in long wave (infra red) radiation. 
6.2.1 Infra Red and Re-Radiation 
The effects of this type of radiation have been well documented in the built environment, 
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Berglund and Fobelets (1987), Fanger (1970), Griffiths and McIntyre (1974), and 
McIntyre (1980). The influence of asymmetric radiation has been mainly considered in 
terms of the effects of heated or cooled ceilings and / or walls. in these studies they found 
that exposure to heated panels above the subject produced a greater level of dissatisfaction 
than for cooled ceilings and walls or heated walls. Fanger et al (1985) found that for a 
heated wall subjects could withstand up to a radiant asymmetry of 301C where the air 
temperature was adjusted to the subjects requirements so that thermal neutrality was 
maintained. But at this point 10% of the subjects were dissatisfied with there environment. 
In a vehicle while the primary source of radiation is through the windows, there is 
secondary heating of the internal components, such as the dashboard, seats and facishas. 
These components tend to be made from expanded and formed plastics and are often fabric 
covered. They have very different absorption and emission qualities to the heated panels 
which have been used in previous studies of long wavelength radiation in buildings, 
Griffiths and McIntyre (1974), Loveday et al (1998). It is possible for dashboard and 
internal surface temperatures to reach 900C and above when the vehicle is left standing in 
direct sunlight for a period of time, Hopkins (1997) and Piniec et al (1999). For these 
surface temperatures there will be some re-emittance of infrared radiation into the 
occupant space. As these high surface temperatures will only occur when there is direct 
solar radiation on the vehicle, this will mean that there is a combination of short wave 
radiation (solar) and long wave radiation (infrared) arriving at the occupant. Does the car 
manufacturer have to consider both components when considering the occupants thermal 
comfort? Does the most severe radiation component have the overriding effect on the 
thermal sensation of the occupant? What is the relative importance of short wavelength 
and long wavelength radiation to thermal comfort? 
6.2.2 Aim 
To establish the effect of direct visible and non visible radiation on human thermal comfort, 
irrespective of other environmental parameters. This will help to give a better 
understanding of how the body integrates radiant energy and the perceptions it causes. 
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6.3 Experimental Method 
6.3.1 Experimental Development 
To investigate the effects of internal components within a vehicle it was decided to adopt a 
similar laboratory experimental technique as the one described in Chapter I This would 
allow for control of the environment and comparison of the results with the other data 
previously gathered. In terms of a suitable 'dashboard' to act as a heat source it was 
necessary to develop a controllable and consistent method of exposing the subject to the 
radiation. Experiments with the dashboard of a Rover 75 proved unsuccessful, it was not 
possible to sufficiently heat the dashboard just with the solar simulation lamps. 
Temperatures ofjust 400C were the maximum that could be achieved. It was decided that 
a purpose built dashboard should be constructed. 
6.3.2 Design of Heated Dashboard 
The design of the dashboard was based around a simple matt black flat panel - 
The panel 
should have the capacity to have a surface temperature of 100'C and consistently maintain 
that for an extended period of time. The design consisted of an aluminium sheet I 000mm 
x 500 mm x3 mm, fitted with two 1000 watt heating elements (13 72 mm long) formed in a 
'S' pattern on the underside of the plate. The underside of the plate was insulated and 
fitted with a protective pressed steel cowling. This was fitted to a3 phase transformer 
which powered and heated the panel. The panel was fitted into the test cell at a height of 
700 mm and at an angle of 45' to the horizontal, Figure 6.1 
Figure 61 Heated dashboardfitted to the test cell 
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6.3.3 Design 
A repeated measures within-subject design was used. The experimental protocol was 
exactly the same as that described in chapter 2, with the exception of the following 
experimental variables. 
The subjects were exposed to three radiation conditions 
1. Blackbody radiation 'Dashboard only' 
2. Direct simulated solar radiation- 'Radiation only' 
3. Combined direct simulated solar radiation and blackbody radiation - 'Radiation 
dashboard' 
Dashboard only - The blackbody radiation was provided by a heated matt black aluminium 
panel, the panel was heated to a surface temperature of I OOOC. 
Radiation only - This was fixed at a level of 1000 Wrný on the glazing of the test cell. This 
gives approximately 600 Wm-2 on the subject. Initial experimental work in the project 
which established the effect of radiation intensity (chapter 3) showed that a level of 600 
Wmý on the subject should provide a response of 'hot" on the thermal sensation scale. it 
was considered that this level of radiation would provide sufficient 'discomfort' to thq 
subjects to give a good comparison between the radiation sources. 
PLadi4tion + dashboard - This condition combined both of the dashboard and the direct 
s9jq simulated radiation. 
The sýýjects physiological and psychological responses were recorded, as well as all of the 
, pn*ýýmental parameters. 
Three, 3x3 Latin squares were derived to ensure that any presentation order effects were 
minimised, Table 6.1. 
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Table 61 Presentation order of the test conditionsfor each subject 
Radiation type Dashboard only Radiation only Dashboard and 
radiation combined 
Subject A231 
Subject B123 
Subject C312 
Subject D321 
Subject E132 
Subject F213 
Subject G123 
Subject H312 
Subject 1231 
6.3.4 Subjects 
Nine, healthy and fit male volunteers from the Loughborough area took part in this 
experiment, Table 6.2. The subjects were paid upon completion of all 3 conditions. 
Subjects wore a specified clothing ensemble detailed in chapter 2. 
Table 62 Subject antropometfic data 
Height Weight Age 
(mm) (kg) (years) 
Mean 1753.3 75.5 26.0 
Standard Deviation 84.3 10.2 4.7 
Maximum 1850.0 90.1 34.0 
Minimum 1735.0 61.7 22.0 
6.4 Apparatus 
6.4.1 Environmental Conditions 
The environmental chamber was controlled in order to maintain a Constant neutral 
environment condition, PMV =0 (ISO 7730). The air temperature, (t. ), mean radiant 
temperature (t, ) = t., relative humidity (rh) and air velocity (vel), subjects clothing and their 
metabolic rate, remained constant. 
Environmental conditions, (t. in a number of positions VAth thermistors, t, corrected 150 
mm black globe next to the subject, air velocity, with hot VAre anemometer next to the 
subject, relative humidity behind the subject) were monitored and recorded every ten 
seconds via Eltek/Grant squirrel data loggers. Radiation level was measured vAth a Skye 
pyronometer SP II 10 and radiation meter SP I 100. 
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Radiation from the blackbody dashboard was measured with a Brael & Kjxr Indoor 
climate analYser type 1213 with radiant temperature asymmetry transducer MM0036. 
6.4.2 Physical and Physiological Measurements 
A series of objective physiological measures (mean and local skin temperatures) were 
recorded every 10 seconds via Eltek / Grant squirrel data loggers. Oral temperature was 
taken pre and post the experimental session. 
6.4.3 Subject Questionnaire 
As detailed in chapter 2, with the following exception, the thermal preference rating 
measured was changed from a value judgement, 'tick whether you want to be cooler, 
warmer or no change' to a scale vote. This allowed closer analysis of the change of 
thermal preference over time. With the value judgements a subject can declare that they 
want to feel 'warmer' or 'cooler' after a short period of the experiment. Yet this may 
force the subject to opt for a positive statement whilst not yet being fully in that state. A 
continuous Likert scale can provide more sensitivity measure of a persons preference, 
Candas, personal communication (1998). A seven point preference scale was developed 
and added to the subjective questionnaire, Appendix B. 
6.4.4 Procedure 
Subjects were placed in a thenno-neutral room for approximately 30 minutes prior to the 
experiment. Subjects had their skin thermistors fitted and got dressed in the standard 
clothing provided. The first subjective questionnaire was completed to ensure that they 
were thermally neutral prior to undertaking the experiment. 
The subjects were taken into the environmental test chamber. They were seated in the car 
seat, and they completed a questionnaire to ensure that they were still feeling neutral. 
When both subject and experimenter were satisfied the experiment commenced and the 
subject's seat was pushed into the direct solar radiation and they completed first 
experimental questionnaire. Subjects then completed a questionnaire every 5 nýnutes from 
this time. The subjects were seated in the car seat for 30 nýinutes. 
After completion of the final questionnaire, administered at 30 minutes, the subject was 
withdrawn from the direct radiation and a post experimental questionnaire completed. 
This procedure is fully detailed in chapter 2. 
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6.5 Results 
6.5.1 Environmental Conditions 
It can be seen from Table 6.3 that for all experimental conditions the predicted level of 
thermal comfort as calculated from ISO 7730 (1994) remained with in the ± 0.5 PMV 
tolerance, when tr = ta, as set a priori. Whilst, it can be seen that when the actual tr is 
placed into the thermal comfort equation, the simulated solar radiation loads change the 
environments from between 'warm' (PMV = 2.0) to 'hot' (PMV = 3). The introduction of 
a source of radiation, had a significant effect on the mean radiant temperature as calculated 
from globe temperature t.. There was also an increase in tr when it was calculated using 
the plane radiant method described in ISO 7726 (1985). 
f- -ý 
0.1 8(tup + tdown) + 0.22(tigm + tift) + 0.3(tfr.,. t + tback) 
Ll - 2(0.18+0.. 22+0.3) 
Table 6.3 Summary of environmental data 
Dashboard only Radiation only Dashboard and 
radiation combined 
tr (*C) Derived from t,, 31.8 41.5 
t9 (1, C) 28.9 34.8 
t. (OC) 23.9 24.2 
Velocity (m/s) 0.05 0.07 
Relative Humidity (%) 37.5 35.7 
Direct radiation (Wmw2) 98 581.1 
t, calculated ("C) 32 35.6 
50.9 
40.2 
24.0 
0.05 
33.0 
573.9 
35.3 
PMV 0.1 0.1 0.1 
PPD 5.2 5.2 5.2 
PNW* 0.8 2.0 3.3 
PPD* 18.5 76.8 100 
PMVO 1.1 1.6 1.4 
PPDO 10.8 56.4 45.9 
AMV 0.6 2.3 2.9 
APD 12.5 88.2 98.5 
*ý= measured t, 
0 tr = calculated t, 
AMV = Actual Mcan Votc 
APD = Actual Perccntage Dissatisficd 
6.5.2 Environment - interpretation of results 
it can be seen that when tý is taken to be t, that the environment for the three conditions 
was within the desired PMV criteria of PMV ± 0.5. The other environmental parameters 
were consistent across conditions, t., rh, and vel. 
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6.5.3 Objective results - Mean skin temperature 
The subjects had a set of six skin thermistors attached to their bodies, those fitted to the 
chest, upper arm, thigh and calf These were combined to give a weighted mean skin 
temperature, Figure 6.2 shows the individual subjects mean skin temperatures, 
Figure 6.2 Comparison of mean skin temperatures tkfor the individual subjects (n 8) 
" fl]IM. d 501w . (S(0 50 bOth b5O 
.1 %x 
S cw! p$OS ei iàd . 1.,,. thSo Ed bSk body 
(. Ö. oo .. tpaC 
-- 
0 
"C S! SC bGY 
bOV 
p_ 'D. M*d 
'- 0 
Sf0 nn! ttSO( " cSn$ØI 44 &. CI . 0.44S4 and bS&Oy Sf0 0 . nttt. CT. 01 44 54.44 . ebSSd %4I& 44SW a[ 
on 1dp4d F '. aaan en atpd F 
t 
MPS * .. nes (S Sect r. SSd 1.5.51.1., Sthdy 
. 4*1., Cdl 1.41.50 
M.. fl Ss t., Wtn, b. @4 SW r .. S, '45s. 
Sd I 
1: 
-- 
I 
.t It 
i 
-1-1 
x 
Page 143 
Figure 6.3 shows comparison of the mean of mean skin temperatures for all of the subjects 
for the three conditions. The 30 minute mark is indicated on the mean skin temperature 
graph. At this point the subjects completed their last questionnaire and remained in the 
radiation until they had completed it. 
Figure 63 Mean of mean skin temperatures Isk of the subjectsfirom 0 to 30 minutes (n 9) 
Mean of mean skin temperature in the comparison of simulated solar radiation and black 
401ý? 
dy radiation on human subjects for a fixed radiation intensity (1000 Wm2) (n = 9) 
38 T 
36 
2 34 
a 61 
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Dashboard only 
Radiaton only 
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Table 6A shows the mean skin temperatures taken at the 30 minute stage of the 
experiment. 
Table 6.4 Mean skin temperatures over subjects (measured at 30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Subject A 32.82 35.56 35.76 
Subject B 33.26 36.34 34.87 
Subject C 33.25 35.66 35.53 
Subject D 33.25 35.66 35.56 
Subject E 32.31 35.37 35.64 
Subject F 34.19 36.11 35.83 
Subject G 32.89 35.96 36.14 
Subject H 34.01 35.05 35.59 
Subject 1 33.30 35.22 34.90 
Mean 33.25 35.66 35.53 
Standard deviation 0.58 0.42 0.41 
Table 6.5 shows the mean skin temperatures ranked according to the highest temperature 
measured on each subject. Where I is the lowest temperature and 3 is the highest. 
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Table 6.5 Mean skin temperatures over subjects (rank of measured at 30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Subject A123 
Subject B132 
Subject C132 
Subject D132 
Subject E123 
Subject F132 
Subject G123 
Subject H123 
Subject 1132 
Sum of ranks 9 23 22 
Rank of ranks 132 
Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
paired t-test. It can be seen that there were no significant differences between the three 
radiation conditions (Table 6.6). 
Table 66 Paired I lest. for Mean Skin Temperatures 
Dashboard only Radiation onlv Dashboard and 
radiation combined 
t Sig t Sig t Sig 
Dashboard only -10.51 0.000 -9.35 0.000 
Radiation only 0.64 0.54 
Dashboard and radiation combined 
Note - for calculation purposes the nican skin temperature at 30 minutes was used. 
6.5.4 Mean Skin Temperature - Interpretation of Results 
It can be seen that there was a small variation in initial mean skin temperatures of some 
subjects, (Figure 6.2). Indicating that the subjects were in similar thermo-physiological 
states at the commencement of each of the expefimental sessions. The mean of the mean 
skin temperatures shows that the addition of direct simulated solar radiation to the subjects 
that their mean skin temperature increase by approximately 2"C over the 30 minutes for the 
direct radiation conditions. With both of the direct simulated solar radiation conditions a 
rapid change in mean skin temperature was seen over the first 12 minutes of exposure, then 
remaining steady for the remainder of the experiment. When the end mean skin 
temperatures were ranked, it was found that there was a significant difference between the 
blackbody radiation condition and the two direct radiation conditions. However, there was 
no significant differences between the direct radiation and direct radiation and blackbody 
radiation conditions, analysis with a paired t-test showed this, Table 6.6. 
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6.5.5 Subjective Results - Thermal Sensation 
Subjects recorded their thermal sensation every five minutes, Figure 6.4 shows the 
individual curves for each subject. 
Eigure 64 Thermal sensation votes. for indiWdual subjects (experimental period 0 to 30 minutes) 
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Figure 6.5 Mean overall thermal sensation graph. for AMV. for 3 radiation conditions (n - ý) 
Mean thermal sensation vote in the comparison of simulated solar radiation and black 
body radiation on human subjects (n = 9) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 6.7 shows the end 
sensation votes for each subject, whilst Table 6.8 shows the ranked result by subject. 
ranked according to the highest vote given by subject. Where I is the lowest sensation and 
3 is the highest. 
Table 6.7- Thermal Sensation IInd Votes over suýjects (30 minutes) 
Subiect A 
Subject B 
Subject C 
Subject D 
Subject E 
Subject F 
Subject G 
Subject H 
Subject I 
Mean 
Standard deviation 
Dashboard onl 
2 
0.3 
0.6 
0 
0.1 
2 
0 
0.1 
0.6 
0.84 
Radiation oniv 
2.2 
2.4 
2.3 
1 
2.9 
3 
1 
3.3 
2.6 
2.3 
0.82 
Dashboard and 
3.9 
2.7 
3.5 
2 
2.1 
3.4 
2 
3.5 
2.8 
2.9 
0.73 
Table 6 8- Thermal sensations rank (? fend votes over subjecis (30 minutes) 
Dashboard only 
Subiect A 
Subject B 
Subject C 
Subject D 
Subject E 
Subject F 
Subject G 
Subject H 
Subject I 
Sum of ranks 
Rank of ranks 
I 
I 
I 
I 
1 
I 
I 
1 
I 
9 
I 
Dashboard and 
radiation combined 
Radiation only 
2 
2 
2 
2 
3 
2 
2 
2 
2 
19 
2 
3 
3 
3 
3 
2 
3 
3 
3 
3 
26 
3 
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Table 6.9 Statistical analysis of the 30 minute votes was conducted using a Wilcoxon rank 
sign test. It can be seen that there were no significant differences between the three 
radiation conditions. 
Table 69 Wilcoxon rank sign test. for thermal sensations 
Dashboard only Radiation only, Dashboard and 
radiation combined 
t Sig t Sig t Sig 
Dashboard only -2.67 0.01 -2.67 0.01 
Radiation only -2.08 0.04 
Dashboard and radiation combined 
Note -for calculation purposes thefinal vote laken at 30 minutes was used. 
Figure 6.6 Thermal sensation graph for mean end AMV. for 3 radiation conditions (n - 8) 
Mean end sensation vote in the comparison of simulated War radiation and black body 
radiation on human subiects (n = 9) 
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6.5.6 Thermal Sensation - Interpretation of Results 
Thermal sensation votes indicate how warm the subjects feel In the simulated solar 
radiation environment. It can be seen in Figure 6.5 that the dashboard condition provided 
a sensation between 'neutral' and 'slightly warm'. Whilst the two direct radiation 
conditions were between 'warm' and 'hot'. 
The individual subject data shows that all of the subjects with the exception of subject B, 
for the began the test in a neutral state. It can be seen from the standard deviations on the 
discomfort curve (Figure 6.6) that the subjects sensation votes had a range of 
approximately ± 0.5 of a scale point for each of the conditions. It is important to note here 
that the size of the deviations is consistent across the conditions. However taken over all 
subjects it can be clearly be seen that there is a significant dIfference between the sensations 
felt for each condition. 
------------------------- 
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6.5.7 Subjective Results - Thermal Comfort Votes 
Subjects recorded their thermal comfort every five minutes, the individual curves for each 
subject, Figure 6.7. 
Figure67 'UncoMfOrtable'voles. for individual subjects (Erperimental period 0 to 30 minutes) 
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Figure 6.8 shows the mean thermal comfort plots for all the subjects for the four 
experimental conditions. This shows clearly an increase in the level of d'scomfort felt by 
the subjects between each of the conditions 
Figure 68- Mean overall thermal com1brt graph. for AMV. for 3 radiation conditions (n 
Mean tnermad comfort vote in the comparison of simulated sDiar radiation and black body 
radiation on human subjects (n = 9) 
Very 
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Dashbmrd ordy 
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8) 
The end vote (30 minutes) of each subject was taken for analysis. Table 6.10 shows the 
end thermal comfort votes for each subject, whilst Table 6.11 shows the ranked result by 
subject, (ranked according to the highest vote given by subject). Where I is the lowest 
sensation and 3 is the highest. 
Table 6 10 'UncomfOrtable'end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Suhiect A 1.6 14 3 
Subiect B01.4 1.6 
Subiect C 0.35 1.4 2.1 
Subiect D11.9 
Subiect E 0.1 1.8 1.4 
Subiect F 0.7 1.8 1.9 
Subiect G011.9 
Subiect H 0.3 1.6 1.9 
Subiect I (). 1 1.4 L9 
Mean 04 1.4 2.0 
Standard deviation 0.52 0.29 0.44 
Table 6.11 'Uncomfortable' rank of end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Subiect A213 
Subiect B123 
Subiect C123 
Subiect D123 
Subiect E132 
Subiect F123 
Subiect G123 
Subiect H123 
Subiect 11 
Sum of ranks 10 18 26 
121 
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Statistical analysis of the 30 minute thermal comfort votes was conducted using a 
Wilcoxon rank sum test. It can be seen that there were significant differences between all 
of the conditions (Table 6.12). 
Table 6 12 - Wilcoxon rank sum test for thermal comfOrt sensations 
Dashboard only Radiation only Dashboard and 
radiation combined 
t Sig t Sig t Sig 
Dashboard only -2.55 0.01 -2.67 (). () I 
Radiation onlv -2.19 0.03 
Dashboard and radiation combined 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 6.9- Thermal com rt graph for end AMV and standard deviation for 3 radiation Ifo 
conditions (n - 8) 
N& an end the rm aI comfort vote m the comparison of the effect of sffnulaled solar 
radiation and black body radiation on human subjects (n = 9) 
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6.5.8 Thermal comfort : Interpretation of results 
Generally, the uncomfortable ratings in the experiments, followed the pattern Indicated in 
the thermal sensation votes. Subjects indicated that for the 'dashboard' condition that they 
were showing few signs of thermal discomfort. Whilst for both radiation conditions the 
subjects reported being between 'slightly uncomfortable and 'uncomfortable'. Most 
subjects showed an increase in the level of 
discomfort felt, across the conditions. 
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6.5.9 Subjective Results - Stickiness Vote 
Subjects recorded their stickiness every five minutes, the individual curves for each subject 
as shown in Table 6.10. 
Figure 6 10 - Stickiness votes for individual subjects (Experimental period 0 to 30 minutes) (n 
8) 
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Figure 6.11 shows the stickiness plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 6 11 Mean overall stickiness graphfor AMVfor 3 radiation conditions (n 8) 
Mean stickiness vote in the comparison of simulated solar radiation and black body 
radiation on human subjects (n = 9) 
Vary Stickj; ------------ ------------ ---------------------------- 
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The end vote (30 minutes) of each subject was taken for analysis. Table 6.13 shows the 
end stickiness votes for each subject, with Figure 6.14 shows the ranked result by subject, 
ranked according to the highest vote given by subject. Where I is the lowest sensation and 
3 is the highest. 
Table 6.13 Stickiness end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Subiccl A22 
.3 Subicct B01.7 2 
Subiect C 0.4 1.4 2.2 
Subicct D (). 1 1.6 
Subiect E01.9 1.7 
Subiect F 0.7 1.8 2 
Subiect G0 (), 1 1.6 
Subiect H 0.6 1.4 1.9 
Subicct 1 0.2 2 2.1 
Mean 04 142.0 
Standard deviation 0.65 0.76 0.43 
Table 6.14 Stickiness ranked end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Suhiect A 1.5 1.5 3 
Subiect B23 
Subiect C23 
Subicct D23 
Subiect E32 
Subiect F23 
Subiect G23 
Subiect H23 
gubiect 1123 
Mean 9.5 185 26 
13 
Page 153 
Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
Wilcoxon rank sum test. It can be seen that there were no differences between the 
radiation conditions, (Table 6.15). 
Table 6.15 - Wilcoxon rank sum test tbr stickiness sensations 
Dashboard only 
Radiation only 
Dashboard and radiation combined 
Dashboard only Radiation only Dashboard and 
radiation combined 
t Sig t Sig I Sig 
-2.52 0.01 -2.67 0.01 
-2.37 0.02 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 6.12- Stickiness graph for mean end AMV and standard deviation for 3 radiation 
conditions (n - 8) 
Mean end stickiness vote in the corrWarison of simulated solar radiation and black bodV 
radiation on human subjects in - 9) 
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6.5-10 Stickiness - Interpretation of Results 
Subjects indicated that for the 'dashboard' condition that they were showing few signs of 
stickiness. Whilst for both radiation conditions the subjects reported being between 
csfightly sticky' and 'sticky'. Most subjects showed an increase in the level of stickiness 
felt across the conditions. 
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6.5.11 Subjective Results - Preference 
Subjects recorded their preference for their thermal environment every five minutes, the 
individual curves for each subject, as shown in Figure 6.13. 
Figure 6 13 Preference votes for individual subjects (Experimental period 0 to 30 minutes) (n 
8) 
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Figure 6.14 shows the stickiness plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
Figure 614 -Mean preference votesfior subjects . 
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The end vote (30 minutes) of each subject was taken for analysis. Table 6.16 shows the 
end sensation votes for each subject, whilst Table 6-17 shows the ranked result by subject, 
ranked according to the highest vote given by subject. Where I is the lowest preference 
vote and 3 is the highest.. 
Table 6.16 - Preference end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combincd 
Subiect A13 23 3 
Subject B 1.6 1.7 
Subject C 0,34 1.7 2.5 
Subject D 1.2 2.3 
Subject E 0.05 1.9 2 
Subject F 0.7 2 2.25 
Subject G 1.2 2.3 
Subject H 0.4 2.1 2.8 
Subject 1 0.05 1.35 2.35 
Mean 0.3 1.7 2.4 
Standard deviation 0.44 0.40 0.39 
Table 6.17 - Prqference ranked end votes over subjects (30 minutes) 
Dashboard only Radiation only Dashboard and 
radiation combined 
Subiect A23 
Subicct B23 
Subiect C23 
Subiect D23 
Subicct E23 
Subiect F23 
Subicct G23 
Subiect H123 
Subiect 1123 
Mean 9 19 27 
1 
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Statistical analysis of the 30 minute mean skin temperature values was conducted using a 
Wilcoxon rank sum test. It can be seen that there were significant differences between all 
of the radiation conditions, (Table 6.18). 
Table 6.18 - Wilcoxon rank sum test. for prqference votes 
Dashboard only Radiation only 
T Sig t Sig 
Dashboard only -2.67 0.01 
Radiation only 
Dashboard and radiation combined 
Dashboard and 
radiation combined 
t Sig 
-2.68 0.01 
-2.67 0.01 
Note - for calculation purposes the final vote taken at 30 minutes was used. 
Figure 6.15 - Preference graph for mean end AMV and standard deviation for 3 radiation 
conditions (n - 8) 
Mean end preference vote in the comparison of simulated solar radiation and black body 
Much 
radiation on human subjects (n = 9) 
CooL-r 
Cooler 
------------- --- -- ---- -- ------ -I 
,I ---------------------------- T--- -------------- 
Slog" 
cooler 
NeutTal 
Slightly 
warmer 
Warmer 
Much 
warmer 
-1 
-2 
-3 
Dashboard Radiation Radiation 
only onIV plus 
dashboard 
6.5.12 Preference - Interpretation of Results 
Preference votes are regarded as powerful indicators of thermal comfort and satisfaction. 
They relate "how a subject feels" to "how they would like to feel". The preference for the 
environments corresponded well with the thermal sensations recorded for the subjects. For 
the dashboard condition subjects wanted little or no change to their thermal environment, 
in the two radiation conditions the subjects would have preferred their environment to be 
4cooler'. 
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6.6 Discussion 
6.6.1 Environmental Conditions 
Table 6.3 shows that the required level of PMV (with t,, =Q was maintained for all 
conditions. This means that the thermal discomfort felt by the subjects is due solely to that 
produced by either blackbody radiation emitted from the dashboard, the direct simulated 
solar radiation or the combination of these two conditions. Only the globe and derived 
mean radiant temperatures varied between the conditions. This is as expected and shows 
the effect of the individual radiant conditions and the combined condition. This shows that 
there is a cumulative effect on mean radiant temperature derived from globe temperature. 
6.6.2 Mean Skin Temperature 
The weighted mean skin temperatures for the two simulated solar radiation conditions 
were found to be significantly different from the dashboard condition, (P < 0.01), Figure 
6.3 and Table 6.6. It can also be seen that temperature of the surface of the skin starts to 
heat immediately upon exposure to the simulated solar radiation and it reaches a steady 
state at around 12 minutes for the 'radiation only" and the 'radiation + dashboard' 
conditions, with no further increase in mean skin temperature occurring over the remaining 
duration of the experiment. There was a slight increase in the mean skin temperature for 
the 'dashboard only' condition. The initial increase in mean skin temperatures corresponds 
well with that of the subjective responses. However, as the subjective responses continue 
to rise over the last 15 minutes of the experiment, the mean skin temperature does not. 
Both the individual responses, Figure 6.2, and the mean responses, Figure 6.3, show that 
there is no difference in the physiological responses of the subjects to the direct solar 
radiation conditions. This would suggest that the subjects were not physiologically 
sensitive enough to the small difference in total radiation to which they were exposed. The 
intensity level experiment, chapter 3, demonstrated that there was a significant 
physiological difference in terms of mean skin temperatures between conditions of 200 
wmý or more. 
6.6.3 Thermal Sensation 
The thermal sensation votes, Figure 6.4, showed that there was significant a increase in the 
discomfort felt by the subjects for all the radiation conditions, (P :50.05). Only two of the 
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subjects had a major increase in thermal sensation vote for the 'dashboard only' condition. 
The main response of the subjects was either to be 'neutral' or up to 0.5 AMV 'neutral' to 
'slightly warm'. The mean thermal sensation response for this condition was 0.6 AMV. 
This suggests that there is a small contribution to discomfort from the 'dashboard' The 
'dashboard' temperature of I OO'C is very hot, this is well above the bum threshold for skin 
contact for metals (51"C) and plastics (60')C), (EN 563 : 1994). In cars these sort of 
internal component temperatures are achievable only after the cars have been 'soaked' with 
solar radiation for an extended period of time. This would result in the internal air 
temperature of the occupant space significantly increasing to levels greater than 600C, 
Piniec et al (1997), and surface temperatures up to 100'C. Temperatures in these ranges 
have also been measured by the author in the Spain, USA and UK during the work 
conducted in this course of this project. Temperatures of this order have also been 
experienced by a number of automotive manufacturers, Renault, Rover, and Fiat (personal 
communication 1999). The surface temperatures can not be sustained when the air 
temperature in the cabin is reduced by the opening of the doors for ingress and / or the air 
conditioning / fan cooling system is used. Therefore it would be unreasonable to expect 
the surface temperature of a dashboard to maintain such a high temperature. If this is the 
case then a dashboard with a lower surface temperature is considered to be unlikely to have 
a major effect on thermal sensation of the subjects. 
The two direct solar radiation conditions produced much higher thermal sensations. These 
were in line with what would be expected for the level of direct solar radiation that the 
subjects were exposed too, Chapter 3. The sensations were 'warm' to 'hot'. There was a 
significant difference between the two conditions, with the 'radiation + dashboard' 
condition giving a greater sensation. 
This contrasts noticeably with the mean skin temperature results which show no difference 
between the two conditions. This would suggest that the physiological responses of the 
subjects are not as sensitive to subtle differences of less than 100 Wrný of radiant energy. 
Whilst the two conditions used the same level of direct simulated solar radiation, there was 
the accumulative effect of the 'dashboard' radiation to add to the combined condition. 
This provided a further 100 Wm72 of energy to the subject increasing the level of total 
radiation to approximately 700 Wm-2. This increase in total radiation would account for 
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the increased sensation felt by the subjects 
6.6.4 Thermal Comfort 
The mean thermal comfort votes Figure 6.7 followed a similar trend to the thermal 
sensation votes. With the level of discomfort felt by the subjects increasing during the 
exposure for all conditions except 'dashboard only'. There were significant statistical 
difference between all of the conditions (P:! ý 0.05). 
6.6.5 Stickiness 
The mean stickiness votes, Figure 6.11, felt by the subjects all increased with radiation 
level (P:! ý 0.05). There were significant statistical differences between all of the conditions. 
These responses were similar to the mean thermal sensation votes. The level of stickiness 
felt in the dashboard condition could be as a result of the high insulation value of the car 
seat used. Although there is an indication that the stickiness vote closely follows that of 
the sensation and thermal comfort vote. 
6.6.6 Preference 
In general in the experiment, the subjects level of preference increased with the level of 
radiation they were exposed too, Figure 6.14. With the subjects wanting to be increasingly 
cooler as the radiation levels increased. There were significant differences between all 
three conditions (P < 0.01). With the 'dashboard only' condition the mean vote was only 
0.3 this would suggest that the subjects actually did not find this an uncomfortable 
environment. Also suggesting the level of energy radiating from the 'dashboard' would not 
in itself significantly effect a person's thermal comfort. 
6.6.7 Local Scnsations 
It was found that there was no significant difference between local body sensations and the 
overall sensation felt by the subjects. There was a tendency for the lower legs and feet to 
be slightly cooler than the upper regions of the body. This would be due to these parts of 
the body being shielded from the direct radiation. It is considered that the overall sensation 
vote provided a good indication of local body sensation. 
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6.6.8 General Discussion 
All of the subjects physiological and psychophysical responses corresponded well with 
those observed in the radiation intensity experiment, Chapter 3. There was no significant 
difference between the thermal sensations of the subjects for 600 Wmý radiation only 
condition and those for 600 Wrný measured in the intensity experiment. 
The addition of the dashboard radiation to the direct solar radiation had the effect of 
increasing the total level of radiation energy falling onto the subject by approximately 100 
wM-2 giving an approximate total energy of 673 Wm72. If the level of sensation felt by the 
subjects is corrected for a single scale point (radiation energy / mean sensation vote), Table 
6.19, then the level of radiation required to produce a vote of I for each condition can be 
seen. 
Table619 - Comparison ofenergy per sensation scale pointfor each condition 
Dashboard only Radiation only Dashboard and 
radiation combined 
AMV 0.6 2.3 2.9 
Energy per =le point 163 252 231 
(Wnf2) 
There is a direct summation of the mean sensation votes when the infra red 'dashboard' 
radiation is combined with the direct radiation only condition. Whilst the mean subjective 
responses suggest that there is a direct cumulative effect of the combined radiation 
components, Figure 6.19 shows that is a clear difference between the energy required to 
produce a vote of I for the two solar radiation conditions and the infra red radiation 
condition. This suggests that subjects do not perceive the infra red as intensely as they 
perceive the solar radiation. The lack of an increase in mean skin temperature indicates 
that there is little physiological strain put on to the subjects by the this radiation source. 
The mean effects of the radiation conditions suggest that re-radiation needs to be 
considered in any model making a prediction about human thermal comfort in a vehicle 
occupant space. However, it is noted that dashboard temperatures in the range of 100 *C 
are achieved in only extreme conditions and would normally be accompanied by air 
temperatures of 60 'C or higher. A more typical surface temperature would be in the 
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range of 40 to 50 T when the ambient air temperature would be 25 to 30 T when people 
are in the vehicle. When a vehicle has been 'soaked' users will look to reduce the heat in 
the occupant space quickly. Options available to them include, opening the doors allowing 
the air temperature to equalise with the external environmental conditions, get in the car, 
open the windows and drive, losing heat by convection or get in and put on the air 
conditioning and allow the air to be cooled below comfort conditions. All conventional 
methods of climate control in vehicles involve the movement of air around the occupant 
space. When the air temperature decreases to levels which would be acceptable to people 
for comfort or near to comfort. The surface temperatures of the internal components will 
decrease by convection. Lower surface temperatures will result in reduction in the level of 
re-emitted energy. These lower levels of energy are considered unlikely to have a 
significant effect on human thermal sensation. Therefore whilst the experiment shows that 
there is a cumulative effect of combined radiation sources. It is considered that in practical 
terms this element may not need to be considered in a predictive model. 
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6.7 Conclusions 
In conclusion, for the conditions investigated it was established that the addition of re- 
radiation from internal components has an effect on thermal sensation when combined with 
direct solar radiation. However, it is not considered that it will be a major factor in a real 
world situation, as dashboards are unlikely to maintain the surface temperatures in vehicles 
without a high air temperature. 
1. Mean skin temperature - The weighted mean skin temperatures for the dashboard 
condition were found to be significantly different from the direct simulated solar 
radiation Mean skin temperature is not a reliable measure when the level of energy is 
less than 100 Wmý2. 
2. Thermal sensation - there were significant increases in sensation for the level of 
radiation applied. Subjective responses are sensitive to small changes in radiant energy. 
3. Thermal comfort and stickiness votes - These showed that there was a clear increase in 
the discomfort felt by subjects for the radiation level with a significant difference 
between the all conditions. 
4. Thermal preference - For low levels of radiation subjects want 'no change' to their 
environment even if there is a slight increase in thermal sensation. 
5. Local sensations - there was no significant difference in the sensations felt overall and 
locally. 
6. Re-radiation should be included in any predictive model as part of the radiant 
component. But only for environments where the surface temperatures are consistently 
high, when ambient conditions are not. 
7. In environments where the conditions are neutral to slightly warm, only the most severe 
direct radiation source is considered to be needed. Re-radiation from surfaces with 
temperatures of less than 40T are considered unlikely to have a significant effect on 
thermal sensations. 
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Part 3 
Development and validation of a predictive 
thermal comfort model integrating direct 
solar radiation 
Chapter 7: Discussion of Laboratory Trials and Development of Predictive Model 
Chapter 8: Validation of PMVsoIar: field trial 
Chapter 9: Validation of PMVsoIar: Laboratory Studies to Determine Individual 
Responses to Solar Radiation and Analysis and Discussion of the 
Predictive Models. 
Chapter 10: Validation of PMVsoIar: Analysis and correlation 
Chapter 11: Conclusions and recommendations for Future work 
7. Discussion of laboratory trials and development of 
predictive model 
7.1 Chapter summary 
This chapter presents a review of the results of the laboratory experiments, with the 
aim of developing a thermal comfort model which will integrate the effects of direct 
solar radiation. It summaries the results of the laboratory experiments described in 
chapters 3 to 6. Using the new data it establishes the best way to use this information 
to provide a predictive model that will give an improved integration of the effects of 
. solar radiation. 
The predictive model is validated with others in the field trials 
described in chapters 8 and 9. 
7.2 Aim 
The aim of this chapter is to collect together the information gathered in the laboratory 
studies to develop a predictive model which can integrate direct solar radiation into 
methods for the assessment of thermal comfort in vehicles. 
7.3 Introduction 
The series of laboratory experiments reported in Chapters 3 to 6 aimed to provide a 
greater understanding of the effects of direct solar radiation on human thermal comfort. 
It is important to use the data gathered to improve and further develop existing 
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predictive thermal comfort models. It is the aim of this chapter to review the data 
gathered in the laboratory and determine how best to translate the data into a practical 
solution that can be used by Ergonornists, designers and engineers in the field. One of 
the most effective ways is through the use of predictive models. If the environmental 
conditions in a vehicle are known then using a rational heat balance model it is possible 
to predict how the subject will respond physiologically and consequently, their 
perception of the environment. Models such as the PMV (ISO 7730) are widely used 
to assess built environments, as well as determining suitable 'comfort zones'. Such a 
tool would be valuable in the automotive industry to allow designers to evaluate 
occupant environments. 
7.3.1 Experiment review 
It is important to review the cumulated data from all of the laboratory experiments, to 
ensure that the correct conclusions have been drawn and that there is no conflicting 
data. 
A total of four experiments considered the effects of solar radiation on human thermal 
comfort, Table 7.1 summaries the experiments 
Table 7.1 - Summary of the experiments and results 
Experiment Conditions Subjects Design Conclusions 
Four radiation conditions 8 Repeated 200 Wm72 gives an increase in 
Effect of 0 WIn-2 measures thermal sensation of I scale point. 
radiation 200 Wmý experiment 
intensity 400 Wmý 
600 Wm-2 
Fixed upon the subject 
2 
Effects of spectral 
content of 
radiation 
3 
Effects of glazing 
t3w 
4 
Effects of re- 
radiation 
4 glazing types used to produce 8 
different spectral contents of 
simulated solar radiation. With 
a total of 400 Wm-2 fixed on the 
subject 
4 glazing types used, with a8 
total of 1000 Wm72 fixed on the 
exterior of the glazing. Direct 
measures of zadiation take on 
the ect. 
3 conditions: 
600 Wnw2 SiMUlated Solar 
radiation fixed on the subject 
100 Wm7' long wave radiation 
(100T black dashboard) fixed 
on the subject and 
Solar and long wave radiation 
combined. 
9 
Repeated No difference between spectral 
measures contents. 
experiment Thermal sensation felt for 400 Wm7 
2 equivalent to that in experiment 1, 
20OWm-2 per sensation scale point. 
Repeated Significant differences found 
measures between glazing types. Glazing can 
experiment reduce the level of direct radiation 
upon a subject by over 300 Wrn-2. 
Repeated Significant differences between the 
measures solar radiation only and solar and 
experiment long wave radiation only. 
Long and short wave radiation have 
a cumulative effect but only when 
the long wave source has a high 
surface temperature 
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During the laboratory experiments a considerable number of end sensation votes have 
been gathered. These make up a sum total of 135 individual experimental sessions 
evaluating the effects of simulated solar radiation on human thermal comfort. The 
results of the individual experiments have been previously discussed. Do these 
individual experiments provide the same conclusions VAth regard to the thermal 
sensation responses overall when the data is grouped? 
The end vote data from all the experiments across a variety of different simulated solar 
radiation intensities (0 to 625w. 0) was taken and analysed. Figure 7.1 shows the mean 
responses for all end sensation vote data, and the data is summarised in table 7.2. 
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Figure 7.1 - Mean thermal sensation end votes over a range of simulated solar radiation 
intensities 
Mean thermal sensation votes for all experimental levels of simulated solar radiation 
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---- ---- ----- 
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Note: This graph depicts all of the experimental sensation votes. Responsus at OWm-' are 4-ALctively for a Liniform radiant 
mvironment and rt--"se-% at lo()WM-2 are ror long wave radiation rather than simulated solar radiation. 
Table 7.2 - Summary oj'mean thermal sensation end votes over a range oj'simulated solar 
radiation intensities 
Radiation level Actual Mean Vote Standard deviation 
Wrn-2- 
0.3 0.7 
100 0.6 0.8 
200 1.2 0.6 
300 1.4 0.8 
350 1.9 0.6 
400 2.4 H) 
575 2.6 0.7 
600 3.0 0.7 
625 3.3 0.7 
it can be seen for the graph that there is a good linear relationship between all of the 
mean end votes for each of the radiation levels. The standard deviations across the 
sample groups is consistent, with the exception of the end votes for 400 WM-2 . At this 
point there was a wide variation of votes given by the subjects. The number of data 
points at the 400 WM-2 radiation level was much greater than for the other radiation 
levels. This was due to the spectral experiment (Chapter 4) in which subjects were 
n=8 - 
n=8 - 
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exposed to radiation with four different spectral properties but at one radiation 
intensity, 400 WM-2 . This 
data sample includes 4 votes from each of the 8 subjects 
which undertook this experiment. These data were used as it was considered that each 
of the experimental sessions was independent from the others. 
In experiment 1, (intensity), it was found that there was no significant difference in the 
responses of the subjects between 200 WM-2 -and 400 WM-2, this suggested that there 
was considerable individual variation in the responses given. With some subjects 
perceiving the level of radiation as hot, whilst others considered it to be slightly warm. 
Does this variation continue when the data is analysed for all of the radiation/sensation 
votes across all experiments" 
An Analysis of Variance (ANOVA) was conducted to establish if there were significant 
differences between the various levels of radiation and the thermal sensation votes of 
the subjects, Table 7.3 shows a summary of the results. 
Table 7.3 - Analysis of Eariance of1hermal sensation voles al various radialion leveh 
Radiation intensitv WM-' 
100 200 300 350 400 575 600 625 
1.00 0.50 0.22 0.01 0.00 0.00 0.00 0.00 
100 1.00 1 00 0.07 0.00 0.00 (). 00 0.00 
200 1.00 1.00 0.00 0.00 (). 00 0.00 
300 1.00 0.18 0.03 0.00 0.00 
350 1.00 1.00 0.09 0. #3 
400 1.00 0.53 0.14 
575 1.00 1.00 
600 1.00 
625 
I Ising Iuktýy's post hoe lest. fi)r significani difkrences 
The analysis showed that there were notable significant ditrerences between 200 and 
400 WM-2 , 
300 and 575 WM-2 , 
300 and 600 WM-2' 350 and 600 Wm-2, and 350 and 
625 WM-2. 
These results generally correspond well with those from the previous analysis of the 
individual expenments, detailed in chapters 3 to 6. 
As expected, there are no significant differences in thermal sensation responses 
between radiation levels which are less than a level Of 100 Wm-" apart. This would 
confirm the earlier conclusion that people may not be sensitive enough to notice 
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variations smaller than 10OWnf2, especially when considering individual differences. 
It should be noted that for the 40OWmý level of radiation that there were considerably 
more data points for this level over any of the others. 
A conclusion of the intensity experiment was that 20OWmý of direct radiation would 
result in a thermal sensation scale point shift upwards of 1. Is this original conclusion 
still valid across all the other intensity data which was gathered in the subsequent 
experiments? 
The end sensation votes for each experimental condition and the radiation intensity on 
the subjects were assembled. The relationship for each subject's thermal sensation 
response to the level of direct solar radiation was evaluated by the following method; 
Actual radiation (Wrn-2) / Actual Sensation Vote 
This gives the level of radiation required to produce one sensation scale point shift. 
Table 7.4 shows a summary of the mean radiation levels, mean sensation votes, and 
mean radiation per scale point. 
Table 7.4 - Summary ofMean sensation votesfor a series of radiation intensities 
Radiation level Actual Mean Vote Mean sensation vote per 
radiation level (wm-2) 
0 0.28 0 
98 0.57 173 
200 1.15 167 
300 1.44 213 
350 1.86 182 
400 1.97 202 
400 2.35 169 
400 2.48 161 
400 2.88 139 
400 2.39 169 
575 3.31 174 
575 2.30 252 
575 2.88 235 
600 3.18 189 
625 2.63 239 
Mean 190 
SD 33.11 
There was variation in the amount of solar radiation required to produce a sensation 
scale point shift. The mean of the radiation intensity / sensation vote gives a value of 
Igo Wm-2 per thermal sensation scale point shift. This value corresponds well with 
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previously determined values. This can be seen in figure 7.1, where the line of best fit 
between the mean sensation responses has a linear relationship to radiation intensity on 
the subject. 
7.4 Development of a predictive model 
A number of thermal models and indices were reviewed in chapter 1. Of the existing 
models, the ISO 7730 / Fanger PMV is the most widely used and accepted model. It is 
a powerful index, which is a useful tool to designers and engineers involved in the 
design and commissioning of buildings. A similar tool would be valuable to designers 
and manufacturers of automobiles and various transportation vehicles. Any new model 
would have to integrate the added effect of solar radiation, as well as considering long 
wave radiation heat transfer. 
The ISO model requires three conditions to work. These were specified by Fanger 
(1970) as the sweat rate was within comfort limits, the body was in heat balance and 
that mean skin temperature was within comfort limits. Optimum comfort conditions in 
terms of air temperature would be considered to lie between 23 and 25"C, depending 
upon the other environmental parameters, Fanger (1970), Humpereys (1975), McIntrye 
(1978). Within a vehicle occupant space temperatures are likely to be higher than this 
in the summer periods. Therefore, it is quite possible that the environments on which 
predictions will need to be made will be outside of Fanger's comfort criteria. 
If we consider that the existing PMV model is already accounting for long wave 
radiation heat transfer with the following equation, and that the index itself is validated. 
RL= 3.. 96xlO-'fclx[(t,, +273)4-(I, +273)41 (7.1) 
Where 
RL = long wavelength radiation (Wm) 
A=1.0 + 0.2Ij for I,,, < 0.5 or 1.05 + 0.11,., for Id > 0.5 
t. = air temperature CC) 
t, = long wavelength radiation (T) 
Then we can extend the model so that it incorporates direct solar radiation. It will then 
be possible to make a more accurate prediction of how people will feel in these 
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environments. Based on experimental studies it has been established that a direct 
radiation level of 190 Wmý will provide an increase in thermal sensation of one scale 
point, i. e. from 'neutral' to 'slightly warm'. In fact the data support that 200 Wm-2 for 
I scale point would be valid. Therefore, if it is possible to establish the level of direct 
solar radiation falling on to the individual it will be possible to make a modification to 
the equation so that the added effect of the radiation can be included in the prediction 
of comfort. 
It is proposed that the PMV model be used with the addition of a further radiation 
component, Rm,, corrected for sensation: 
Actual Solar 
io- 0 -wW (7.2) 
There is no need to correct for wavelength variations in the solar radiation, as it has 
been shown that humans are sensitive to radiation level rather than spectral content, 
Chapter 4. Other radiation sources are accounted for in the main body of the existing 
equation (t, either derived from t. or plane radiant temperature). Re-radiation from 
internal surfaces with a surface temperature of less than 70 'C does not need to be 
considered separately from the mean radiant temperature of the environment, Chapter 
6. 
This effectively makes the modified Fanger model look like this in terms of heat 
balance: 
PMV. II,, =PMV+P,. J,,, 
(7.3) 
if there is no direct solar radiation on the subject then the model will work solely as the 
Fanger PMV model. Any long wave radiation will be unlikely to have a significant 
effect and should be accounted for by t, in the existing equation. 
Figure 7.2 shows the Actual Mean Votes plotted with the Predicted Mean Votes 
(PMV ,,, 
) for the direct solar radiation environments. It can be seen that there is good 
agreement between the model and the actual votes. 
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Figure 7.2 Comparison of Actual Mean Votes with values determined for the 
environments with the PMVOla, model. 
Comparison of Actual Mean Votes with calculated PMVsolar model for the actual 
experimental conditions for all of the laboratory experiments 
Extremely 5ý 
hot -- Acbjai Me2n Voteý 
1- PMVsolar 200 
4ý --- 
0 100 200 300 350 400 575 600 625 
R2diation level (Wm-2) 
7.5 Validation Of PMVsolar from experimental data 
Having theoretically established a model which may provide a more accurate prediction 
of a persons thermal comfort when exposed to direct solar radiation, it is important to 
validate it. Does the model provide the same response as that of the person exposed to 
the environmental conditions? 
Using the environmental data from the laboratory experiments, a series of calculations 
were performed to compare the actual responses with those derived from predictive 
models. A range of models can be obtained from (7.3) depends upon assumptions 
made about input values to the model. 
7.6 Models for validation 
Using the data, a number of models were prepared. A number of environmental 
variables were manipulated to find the combination which would provide the model 
which would correlate best with the Actual Sensation Votes. 
One of the factors which could effect the predictions is the definition of t, in the 
environment without the effect of direct solar radiation. Hence, 3 different ways of 
determining the non solar radiation input were used: 
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t, = L; It is assumed that there is negligible radiation from the surrounding environment 
other than the solar radiation. Therefore t, is defined as being equivalent to ta around the 
subject. 
tr actual; 1ý derived from a 150mm diameter black globe thermometer next to the subject in 
the direct simulated solar radiation. This will give an estimation of the radiant temperature 
that the subject will be exposed too. 
t, shaded; t, derived from a 150mm diameter black globe thermometer next to the subject 
but shielded from the direct simulated solar radiation. This will give an estimation of the 
radiant temperature with out the cffect of direct simulated solar radiation. 
The effect of the direct solar radiation is considered by the Ri., factor. The other 
environmental factors, ta, rh and v, were taken from around the subject, (position of 
measurements described in chapter 2). 
One further factor was also considered, that of body area exposed. Breckenbridge and 
Goldman (1972) considered that it was important to make a correction for the amount 
of body area exposed to the direct radiation. A correction was also made to the R,.,,, 
factor for body area exposed; 
P. 1, * 0.15 
Where, 
0.15 is the body area exposed at a solar angle of 4511 (which was the angle of the simulated 
solar radiation source), Breckcnbridgc and Goldman (1972) and BlazqJcZyk et al (1993) 
The predications from each of the models were correlated with the thermal sensation votes 
of the subjects. 
The R,,,,, factor was also calculated with 2 values, 190, the derived value from all 
experiments and 200, the approximate value determined from experiment 1. This was 
to determine whether small variation in this factor would have a significant effect on 
the prediction. Table 7.5 presents a summary of the models used and their inputs. 
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Table 7 5- Summary ofpredictive models and description of enWronmental parameters 
Model 
PMV. I. (tr = ta) 
PMV,.,,,, (tr actual) 
PMV..,,,, (tr shaded) 
PMV.., .. (tr = ta) + Ad. 
PMV (tr shaded) 
PMV (tr actual) 
PMV (tr = ta) 
Description 
PMV.,,,,,, as defined in 7.3. Calculated using environmental 
measurements from around the subject, with 4=t., and 
estimated clo value of 0.7 and an estimated metabolic rate of 
70 Wm72. R.,,,., specified. 
PMV,,,,,, as defined in 7.3. Calculated using environmental 
measurements from around the subject, with t, = t. nW to the 
subject in direct radiation, and estimated clo value of 0.7 and 
an estimated metabolic rate of 70 Wm72. P,..,,,, specified. 
PMV.,,,,, as defined in 7.3. Calculated using environmental 
measurements from around the subject, with 4=t. next to the 
subject shaded from direct radiation, and estimated clo value 
of 0.7 and an estimated metabolic rate of 70 WM72 . P". Ir 
specified. 
PMV..,. r as defined in 7.3. Calculated using environmental 
measurements from around the subject, with t, = tg next to the 
subject shaded from direct radiation, and estimated clo value 
of 0.7 and an estimated metabolic rate of 70 Wnf2. R. Ir 
specified, with correction for body area exposed. 
ISO 7730 thermal comfort model derived from Fangcr 
(1970). Calculated using environmental measurements from 
around the subject, with t, = t. next to the subject shaded from 
direct radiation, and estimated clo value of 0.7 and an 
estimated metabolic rate of 70 Wmý 
ISO 7730 thermal comfort model derived from Fangcr 
(1970). Calculated using environmental measurements from 
around the subject, with t, = tý next to the subject in direct 
radiation, and estimated clo value of 0.7 and an estimated 
metabolic rate of 70 Wmý 
ISO 7730 thermal comfort model derived from Fangcr 
(1970). Calculated using environmental measurements from 
around the subject, with t, = t,,, and estimated clo value of 0.7 
and an estimated metabolic rate of 70 Wfff2 
7.6.1 Results 
A Pearson's Product Moment Correlation was conducted between the actual sensation 
votes of the subjects and predicted mean votes for all models for all laboratory 
experiments, the results are summarised in table 7.6 
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Table 7.6- Pearson's Product Moment Correlation'sfor predictive models against Actual 
sensation votes 
Actual vote - total 
PMV.,,,,, (tr = ta) 190 
PNW..,,,, (tr = ta) 200 
PNW..,,, Atr shaded) 190 
PNW..,, Atr shaded) 200 
PMV,,,. (tr actual) 190 
PMV.. I. r(tr actual) 200 
PMV..,,,, (tr shaded) 200 + Ad,, 
PNW (tr actual) 
PNW. kAtr = ta) 190 + Adu 
PMV.., .. (tr shaded) 190 + Ad,, 
PNW.. I,,, (tr = ta) 200 + Ad. 
PMV,.,,,, (tr actual) 190 + Adu 
PNW..,,, ýtr actual) 200 + Adu 
PNW (tr shaded) 
PMV (tr = ta) 
Pearson's Sig. (2-tailed) 
Correlation, r 
1.00 
0.68 0.00 
0.68 0.00 
0.67 0.00 
0.66 0.00 
0.62 0.00 
0.62 0.00 
0.53 0.00 
0.48 0.00 
0.32 0.00 
0.32 0.00 
0.31 0.00 
0.31 0.00 
0.31 0.00 
0.11 0.00 
0.08 0.23 
7.6.2 Interpretation of results 
The correlation of actual sensation votes against the predictive models showed that the 
PMV,,,,,,, model using ta as t, for radiant temperature other than direct solar radiation 
gave the highest correlation, Table 7.5. Although, these were only just ahead of the 
PMV,,,,,, using shaded t, as its longwave radiation input. There was no significant 
difference between the R,.,.,, factors of 190 and 200. The effect of the slight variation in 
&. jar is shown in Figure 7.3, a comparison of the predicted votes 
for both PMV.,,,, 200 
and PMVwlr 190. Here, the two PMVi. models are calculated using the 
environmental data from each individual experimental sessions. The x axis represents 
the individual calculated votes for these experimental sessions. 
it can be seen that there is very little difference in the predictions with the two R. I., 
factors. With PMV..,,,, 190 providing a slightly higher predicted mean vote. 
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Figure 7.3 Comparison qf PMT'y(,,,,, 200 and PMV,,,,,,, 190 
Comparison Of PMVsciar 2DO and PMVsciar 190 for various levels 
of direct radiation (WM-2) 
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Number of Actual Votes 
The ISO 7730 PMV model did not correlate as well with the actual sensation votes as 
the PMV,,,,,,, models, (r = 0.48). Figure 7.3 shows a series of scatterplots for all of the 
models and the different inputs for t,,. Here it is possible to gain a greater appreciation 
of the relationship between the predicted votes and the actual votes for all of the 
models. 
The correlation coefficent, r, indicates that there is a relationship between two 
variables. An increase in one variable will result in a change in the other. in this case, 
change in environmental conditions is related to change in actual thermal sensation 
votes. Using the scatterplots it is possible to gain a better picture of the relationship 
between the two variables being correlated. The PMV,,,,,,, (tr = ta) 190 and PMV,.,., (tr = 
ta) 200 models show that there is a reasonable distribution of scatter around the line of 
best fit. These two models provide almost identical responses to each other. This 
distribution is almost identical for the PMV,,,,,, (tr shaded) 190 & 200 scatterplots. The 
scatterplots for the PMV., (t, actual) 190 & 200, reveal considerably more variation 
in the relationship between model and actual votes. 
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Figure 7.3 - Samerplots. fi)r all prediclive mode[v 
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The scatterplots in figure 7.3 show the relationship between the predicted mean vote 
for the various models and the actual thermal sensation votes of the subjects in each of 
the laboratory experiments. 
7.7 Discussion 
The ISO 7730 model of predictive thermal comfort does not provide an accurate 
estimation of human thermal comfort in environments in which people are exposed to 
direct solar radiation. The adjustment of this model with the introduction of a 
correction factor for direct solar radiation, R,.,.,,, has improved the predictability of the 
model. PMV,.,, correlates well with the actual sensation votes for the given simulated 
solar radiation environments. 
The model which correlated best with the actual votes used t. as its radiant component 
for all radiation sources other than direct simulated solar radiation. However, its 
correlation coefficient was only 0.01 better than when t,, was a directly measured value 
derived from a shaded black globe. in practical terms it is preferable to use this method 
for determining mean radiant temperature of the environment minus direct solar 
radiation. The close correlation between the PMV.,, I,,, models using both t, = ta and t, 
shaded was most likely due to the controlled air temperature in the environmental 
chamber in order to ensure that the environment was thermally neutral other than the 
direct solar radiation. For use in a real world situation such control would not be 
possible and greater fluctuations in air temperature would be expected. 
The use of t, actual, (directly measured by a black globe next to the subject and 
exposed to the solar radiation), had the effect of under predicting the responsewith the 
PMV (ISO 7730) model and over predicting the response with PMV,. ia, model. The 
response of the PMV (ISO 7730) model would suggest that a mere increase in t,, does 
not necessarily account for the sensations felt by the subjects. The PW,. i,,, model (tr 
actual) provides much high predicted votes because it is integrating the effect of the 
solar radiation twice, as a component of t, derived from ti and as the R, 1, factor. 
The effect of correcting for the amount of body area directly exposed to solar radiation 
did not improve the accuracy of the predictive models and gave low correlation values, 
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(r ý! 0.33). Pervious research, Breckenbridge and Goldman (1972) and Shaprio et al 
(1995) had focussed on determining the added radiant component of solar radiation to 
the person in terms of heat gain. The body area to which the subjects were exposed to 
direct solar radiation was relatively high, torso, arms and thighs, for a seated person, 
equating to approximately 0.15 of the total surface area. Within these experiments the 
radiation on the subject had been quantified during the experiments and related directly 
to their sensation responses. This means that the relationship between radiation level 
and thermal sensation is already corrected for body area exposed. Therefore, adding a 
further correction for body area irradiated reduces the effect of the solar radiation. 
Further correction for body area exposed will only be necessary if the irradiated area 
significantly decreases below 0.15 of the total body area. The correction then must be 
as a percentage of the irradiated area and not of the total body surface area. 
7.8 Conclusions 
1. The relationship between solar radiation intensity and thermal sensation is linear. 
With 20OWm-2 equal to a positive sensation scale shift of one point. 
2. The Predictive Mean Vote, IS07730, does not accurately predict human thermal 
comfort when solar radiation directly irradiates a person. 
3. A predictive model, PMV.,,,, was developed from experimental data, which 
provides improved accuracy for predicting thermal comfort in environments '%krith 
direct solar radiation. 
4. Radiant temperature should be determined without the influence of direct radiation, 
i. e. shaded. With solar radiation being measured as a separate component. 
5. Within the current criteria correction for body area irradiated does not need to be 
considered as a variable in the calculation of PMVsolar. 
Page 179 
8. Validation of field trial 
8.1 Chapter summery 
This chapter presents a field trial which collected data that were used to evaluate 
predictive models developed from a series of laboratory experiments into the effect of 
simulated solar radiation on thermal comfort. A correction factor for Fanger's PMV 
model had been derived empirically, this and other thermal comfort indices were 
evaluated in a field study conducted in vehicles driven on roads in the region of Seville, 
Spain. Methods and procedure are described and the results presented along with 
comparisons of physical measurements and subjective responses. 
8.2 Aim 
To record a series of thermal sensation votes and corresponding measurements of 
environmental conditions, with high solar radiation levels. The data will be used for 
validating the PMV.,,,, model. 
8.3 Introduction 
Laboratory experiments involving human subjects exposed to simulated solar radiation 
have investigated the effect of radiation intensity, spectral content, glazing type and 
longwave re-radiation on thermal comfort. The results of the laboratory experiments 
led to of the PMV.,.. model developed empirically through the series of experiments 
Page 180 
documented in chapters 3 to 6 of this thesis. With any new model it is important to 
validate the results given in the context of real world situations. Will the model 
provide accurate predictions of how the occupants of a vehicle will perceive their 
thermal environment? 
This chapter presents field trials to measure thermal environments in vehicles and 
thermal comfort responses. The trials provided information concerning the relationship 
between solar radiation and thermal discomfort and allow the validation of the model 
that was developed in the laboratory as well as other models for the prediction of 
thermal comfort from measures of environmental conditions experienced by 
passengers. 
The number of field studies conducted in vehicles investigating thermal comfort with 
human subjects is limited, Parsons and Entwhistle (1983). Within the automotive 
industry there has been a considerable amount of field work with specialist test drivers 
in extreme environments, Bailleul (1998), Irvine, (1998), R6nnIund et al, (1999). 
Testing is often undertaken in the harshest areas of the world, for example in Death 
Valley, (USA) for hot, dry environments, to within the Arctic circle for cold 
environments. However, the focus of this work is primarily vehicle mechanical 
performance and reliability rather than passenger comfort. The majority of work is 
also commercially in confidence, so tends to be unpublished. There have been studies 
of ride comfort in terms of vibration and seating comfort, Parsons and Griffin (1984), 
Huston etal(1996). The main reason for the lack of major pieces of fieldwork in this 
area would appear to be the difficulty in conducting the studies in the changing and 
complex environments of vehicles, Cisternino (1999). 
The majority of research has been undertaken in environmental chambers and climatic 
wind tunnels, Rohles & Wallis (1979), Bohm el al (1997). There is a body of work 
which has used thermal manikins to assess and evaluate the thermal environments 
within vehicles, Wyon el al (1985), Madsen el al (1992), Mayer and Schwab (1999). 
particularly there was a major study recently conducted that investigated the 
assessment and evaluation of vehicle environments. The EQUIV project, was a 
collaborative European Union funded project which investigated the use of thermal 
Page 181 
manikins as an evaluation tool for vehicle environments. The consortium of research 
institutes and vehicle manufacturers consider that equivalent temperature was the most 
relevant measure of the thermal effects on vehicle occupants, Holm6r et al (1999). The 
study used a number of different thermal manikins, and local heat sensors; artificial 
skin, B&K comfort meters and a discomfort meter to measure and evaluate tq against 
actual subject votes, Mayer (1999). It was found that there was a wide range of values 
for tq for the same environment over the different manikins and measuring devices, 
especially when compared to local mean sensation votes. The general conclusion of 
the project was that tq provided a suitable measure of the thermal interactions between 
the occupant and the vehicle environment. Multi segmented thermal manikins (16 + 
body segments) were recommended as the most suitable measurement device. 
Although, currently manikin measurements seem to be limited in terms of reliability to 
individual manikins rather than being applicable to all manikins. Specific corrections 
and individual calculations of tq are required for each individual manikin. This is partly 
to do with the overall body shape of the manikins, size and shape, and in terms of 
internal construction, placement of heating elements. 
The variation between measurement techniques of t,, leaves some questions regarding 
its relationship to the thermal comfort of occupants in the vehicles. Does the technique 
predict well how people will find the environment? It seems that further work is 
necessary if a standardised method of assessment with a manikin is to be universal. 
it is therefore apparent that a wider investigation of thermal comfort in vehicles in 
creal' environments is required. Another way in which the vehicle environment can be 
assessed is with the human subjects. One of the most effective ways to find out how 
people feel in an environment is to ask them. If the occupant space is quantified the in 
terms of the environmental parameters that effect their thermal sensation then we can 
evaluate these parameters in the context of thermal comfort. People are the best 
judges of how they feel, so using them as a measurement toot is very powerful. With a 
controlled field study, it will be possible to establish the environmental parameters and 
determine their effects on the subjects. 
The aims of this field study are to gather actual subjective data and evaluate this 
against the environmental data and determine how well a range of thermal indices will 
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predict how they feel. 
It has been shown that solar radiation can have a large effect on the internal thermal 
environment of the vehicle O'Neill (1979), Bohm et al (1997), Parsons (1992), Parsons 
and Entwistle (1983). This can have major consequences in terms of thermal 
discomfort of passengers. To provide realistic vehicle environments that would 
represent the extremes of (hot) conditions found across Europe (and the rest of the 
world), an experiment was designed to measure vehicle environments and passenger 
thermal comfort in Seville, Spain during July 1999. The major advantage of 
conducting the investigation in Seville was that it provided consistently similar hot, 
clear sky conditions from day to day over the experimental period. As well as 
generating data for validation of the predictive models, the experiment would also 
attempt to assess the effectiveness of a series of different glazing combinations. The 
use of four different sets of glazing would theoretically provide a greater variation in 
environmental conditions. Thus giving a wider range of environmental data over which 
to evaluate the models. 
8.4 Experimental method 
in developing the experimental methodology, a series of pilot experiments were 
conducted. It was important to establish what environmental data should be measured, 
a sound way of collecting environmental data and administering questionnaires to the 
subjects. The experimental methodology used for the field trials was based upon 
investigation techniques previously used by Cicolecchia and Parsons (1996), who 
measured the occupant environment of cars for thermal comfort responses of 
passengers.. Here a series of measurements had been taken using different 
measurement methods, 150 mm diameter, 38 mm diameter black globe thermometers, 
flat matt black plate thermometers, various measures of air temperature. Although 
good correlation between the measurement techniques was not found. Humphreys 
(1977) had studied the effect of globe diameter on globe temperature and found that 
smaller diameter globes were more responsive to temperature change, but that there is 
a greater effect of air velocity. So, careful consideration of the method for assessing 
the environment is needed. 
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8.5 Pilot studies 
A practical and effective measurement method needed to be determined. The rationale 
for the measurements was based upon the models that were being assessed, so 
sufficient data would need to be assembled to provide the data. The interior geometry 
of a car makes the placement of environmental measuring devices difficult, although 
not impossible. 
To determine the optimum method of measuring the environmental parameters, a series 
of pilot studies were undertaken. The experimental procedures and subjective and 
objective measures were similar to those used in the laboratory experiments. This 
would provide consistency with the data collected in the laboratory and used for the 
determination of the predicative model. 
8.5.1 Experimental vehicles 
The experimental vehicle used was a Rover Freelander, a four door sports utility 
vehicle. 
8.5.2 Measuring equipment 
A series of environmental measurements were taken within the occupant space. The 
equipment used to take the measurements was the same as used for the laboratory 
experiments and has been detailed fully in chapter 2. 
Environmental data were recorded in three distinct areas: 
1. Dashboard; a significant amount of solar radiation can enter the vehicle through the 
v, indscreen. It is important to quantify this in terms of direct radiation, tg, ta, tr, 
direct solar radiation and dashboard surface temperature. 
2. Centre of the vehicle (shaded); this provides information about the environment 
without the direct influence of solar radiation. 
3. Subjects personal space (front and rear); due to the complex micro environments in 
vehicles it is important to quantity air temperature over a range of heights 
8.5.2.1 Dashboard measurements 
150mm diameter black globe on dash board in front of the front passenger 
t, next to globe 
t,,,, b next to globe 
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Dashboard surface temperature 
Radiation on dashboard (measured with a Kipp and Zenon pyronometer) 
Inlet temperature of the air conditioning system 
Interior surface temperature of the glazing 
Figure 9.1 shows the experimental set up in the vehicle. 
Figure 9.1 Experimental set up measuring environmental conditions at the dashboard,, front 
passenger and. for the centre and rear passenger 
8.5.2.2 Centre of the vehicle (shaded) 
150mm diameter black globe in the centre of the car at shoulder height 
t,, next to globe 
Relative humidity 
Air velocity 
8.5.2.3 Subjects personal space (front and rear) 
t, at the feet (90 mm), knees (130 mm), shoulder (740 mm), and above the head 
(850mm). All measurements are relative to the vehicle floor. 
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External air temperature and measures of direct, diffuse and albeado solar radiation 
were also taken. 
The measurement equipment assembled was very flexible and could be easilY fitted to 
any vehicle, making assessments of various vehicles possible. 
Two pilot studies were undertaken, firstly in the UK with 4 subjects, wearing the 
clothing ensemble detailed in chapter 2, and then in the USA with 2 subjects wearing 
their own clothes, (overall clo value estimated). 
During the pilot trials it became apparent that several measures needed to be taken by 
the experimenter. Primarily these related to the external conditions. The position of 
the sun was noted relative to the vehicle, an approximation of cloud cover, should 
there be any, and an estimation of the subjects body area directly irradiated by solar 
radiation. This last point was particularly useful, as it was decided that a direct 
measure of solar radiation on the subject should be taken when they were completing 
their subjective questionnaire. An environmental data sheet was produced to enable 
the experimenter to document these details, (see Appendix Q. Due to practical 
considerations, it was only possible to taken a measurement of solar radiation when the 
subject had completed the questionnaire. This would give a direct measure of the load 
that the subject was experiencing at the time. The completion of these pilot studies 
enabled the experimenters to well versed in the practical running of this complex study. 
8.5.3 Conclusion 
1) A comprehensive experimental methodology for measuring thermal comfort was 
developed. 
2) The pilot study developed the experimental procedure to be used in the field trial. 
It aided the refinement of the environmental measurement techniques to ensure that 
the most appropriate data is recorded. 
3) Subjective questionnaires and data recording forms were developed to ensure all 
relevant data was recorded. 
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8.6 Field study 
8.6.1 Background 
The site of the field studies was selected as Seville, Spain. Two identical vehicles 
(Landrover Freelander, metallic silver, (one left hand drive and one right hand drive) 
were driven with the equipment for measuring the vehicle internal environment, from 
the UK to Spain. The route taken was from Rover, Gayden via Plymouth (UK), ferry 
to Santander (Spain) and on to Seville. Three professional Rover Drivers/Engineers 
operated and accompanied the vehicles at all times. Two experimenters and four 
subjects from Loughborough University flew to Seville. All participants were housed in 
a hotel (with underground car park) adjacent to the main highway between Seville and 
Cadiz. The study took a total of fourteen consecutive days to complete. 
8.6.2 Design 
A repeated measures within-subject design was used. Subjects were exposed to four 
glazing conditions, (Table 8.1), with two periods of time (morning 10 - 1.0 pm, 
afternoon 2.0 - 5.0 pm) and two seating positions (front and rear). The subjects 
physiological and psychological responses were recorded, as well as all of the 
environmental parameters. 
Table 8.1 Summary ofglazing conditions used 
Condition 
GI IR film glass on front and rear doors, IR Siglasol windscrccn and 
remainder standard production 
G2 IR Siglasol windscrccn, front doors standard production and remainder 
Sundym 
G3 IR Siglasol windscrecn, and remainder standard Optikool production glass 
G4 Standard production glazed vehicle standard green / green windscrccn and 
remainder standard Optikool production glass 
The different glazings were used to provide increased variation in environmental 
conditions to which the subjects would be exposed. A split block pseudo repeated 
measures design was used, table 8.2, with every subject completing four experimental 
exposures each day. This type of design was used to optimise the use of time during 
the experimental period in Spain. It takes account of the necessity to change the 
glazing overnight in the underground car park. 
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Table 8.2 Summary ofpresentalion order of lest conditions presented to the sub cis (A to 1)) je 
Time & position 
Morning Front 
Morning Rear 
Afternoon Front 
Afternoon Rear 
Day I. Daý 2. Da) 
-3 . 
Day 4. Day ý. Daý 6. Day 7 Day 8 
GI G2 I GI G2 163 G2 I G3 G2 I G3 G4 I G3 G4 I GI G4 I GI G4 1 
AC 
BD 
CA 
DB 
BD 
CA 
DB 
AC 
CA 
DB 
AC 
BD 
DB 
AC 
BD 
CA 
AC 
BD 
CA 
DB 
BC 
CA 
DB 
AC 
CA 
DB 
AC 
BD 
e. g. On Day 5 subject B sat in the rear of the vehicle with glazing combination G3 during the 
morning session (south & north) and the rear of the vehicle with glazing combination G4 
during the aftemoon session (south & north). 
The experimental period ran from the ldh July to 24 
th jUl y 1,9,9,9. 
8.6.3 Subjects 
Four, healthy Caucasian male volunteers from the Loughborough area took part in the 
experiment, (Table 8.3)). The subjects were paid upon completion of all conditions. 
Subjects wore a specified clothing ensemble of white cotton/polyester (65/35%) long 
sleeve shirt, (sleeves rolled up above elbow), beige cotton/polyester (65/35%) trousers, 
and the subjects were also supplied with cotton briefs and socks cotton/polyester 
(65/35%) and canvas deck shoes giving an estimated clo value of 0.7 (including seat), 
(ISO 7730.1994). 
, I, tlble 8. -3 
Subjeci anthropoinciric data 
I leight Weight Ape 
(111111) (kg) iN cars) 
Mean 1933.5 79.8 25.5 
Standard Deviation 61.2 5.4 5.9 
miluintun 1790.0 74.0 19.0 
Maximum 1920,0 9TO 
. 
130 
Subjects wore their own sunglasses. This was to prevent any discomfort to the 
subjects whilst undertaking the experiment from glare or the brightness of te externa 
environment. 
As the general ambient conditions in Spain during the day would be approximately 
10"C greater than-in the UK It was considered that a penod of acclimatization would 
be prudent prior to undertaking the experiments. 
8.6.4 Acclimatization 
When a person moves from temperate climate to a hot one, they may initially find that 
the new environment is physiologically stressful. Over a period of tirne this stress will 
DB 
AC 
BD 
CA 
Page 188 
reduce as the body's responses change and adapt, this is known as acclimatization. 
Acclimatization is the functional compensation or physiological adjustment, over a 
period of days or weeks, in responses to change of the environmental factors, Folk 
(1981). One of the major effects of acclimatization is the training of sweat glands to 
increase sweat production, Parsons (1993). This aids in maintaining internal body 
temperature and heart rate through the increased evaporative heat loss due to increased 
sweating. Other effects included a reduction in threshold skin temperature for the 
onset of sweating, and improved distribution of sweat over the body, Folk (1974). An 
increased sweat secretion occurs rapidly, with in 24 hours, if continually exposed this 
increase will continue for approximately 7 days before it levels off at the new general 
sweat rate for the individual in that environment. Clark and Edholm (1985) describe a 
study where subjects were exposed to hot environment for four hours on five 
consecutive days. The sweat rates approximately doubled for each of the subjects. As 
the sweat rate increases, so internal body temperature and heart rate will decrease, 
Parsons (1993). Folk (1981) also notes that as the physiological adaptation occurs and 
the body functions more efficiently in the new environment, so, subjective perceptions 
also decrease. This is particularly important in a thermal comfort study. If subjects are 
not acclimated, then their sensation responses in the early part of the study could be 
affected, confounding the results. To reduce the chances of this occurring during the 
field study, the subjects undertook a five day acclimatization programme in a climatic 
chamber prior to leaving the UK. 
The subjects exercised in the heat (45'C, 35%rh) for 3 hours each day. The subjects 
did two different exercises (cycling or rurining) in 15 minute sessions. Every 30 
minutes of exercise was followed by a 15 minute rest period. The subjects regularly 
took on fluid throughout the sessions. 
The five day period of artificial acclimatization was followed by three days 
acclimatization in Spain prior to undertaking the first experiment. 
8.6.5 Apparatus 
8.6.5.1 Experimental vehicles 
Two, metallic silver Landrover Freelanders were used for the experiments. One left 
hand drive (car A) and a one right hand drive (car B). Car A was fitted with glazing 
combinations GI and G3 whilst car B was fitted with glazing combinations G2 and G4. 
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In every other aspect the cars were identical. 
8.6.5.2 Measuring equipment 
A series of environmental measurements were taken within the occupant space . 
As 
described in 9.1.2 
With the addition of the measurement of the direct solar radiation falling on their chest 
and the legs of the subject in the front seat after completion of each subjective 
questionnaire, as well as air velocity, at the chest and feet for both the front and rear 
passengers. 
8.6.6 Environmental conditions 
The environmental conditions within the vehicles were controfled in order to maintain a 
relatively 'constant' thermal environment apart from the direct solar radiation. The 
cars were conditioned in the external ambient environmental conditions of the 
underground car park, (t. = 30'C ± 2'C, no direct solar radiation, rh 30 %± 5%, air 
velocity 0.2ms") for at least 30 minutes prior to the beginning of the experiments. The 
data loggers were set recording prior to the air conditioning system being started. Air 
conditioning was started approximately 10 minutes before the commencement of the 
experimental session. The air conditioning systems were set to the maximum (fan 
speed 4 to cool the car) and then reduced to 1, just prior to the subjects entering the 
vehicle. This reduced the t. of the occupant space to 260C ± 3'C. Along with the 
reduction of the fan speed of the air conditioning, all of the air conditioning vents were 
directed away from the subjects to reduce possible discomfort due to draught. The 
central vents were positioned towards the driver and the side vents towards the 
xvindow. Once the air conditioning had been set it was not altered. Any changes in the 
internal environment were due to the combination of heat losses from the subjects, 
experimenter and driver plus the external environment, t and t.. Environment al 
conditions were measured throughout the duration of the experiments 
The experimenters made an estimation of cloud cover and the orientation of the sun 
relative to the vehicles was made by the experimenters during the experimental session. 
An estimation of the percentage of body area exposed to direct radiation was also 
recorded on a data sheet. 
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Measurements of Direct, Diffuse, and Albedo radiation were made externally from the 
car. 
8.6.6.1 Physical and Physiological measurements 
A series of objective physiological measures were taken on each subject, (mean and 
local skin temperatures). Subjects had a series of six, skin thermistors fitted to various 
body parts.. Mean skin temperature was measured by the Ramanathan (1966) 4 point 
method, (chest, upper arm, thigh, and calf), and a further two exposed sites were also 
measured, forehead and forearm. The thermistors were secured via single strips of 3M 
Transpore tape to the subjects skin down the left hand side of the body. The 
thermistors were also fitted into Eltek / Grant squirrel data loggers and recordings 
were take every 10 seconds. 
8.6.6.2 Subjective measurements 
The subjective questionnaires completed by the subjects is shown in Appendix D. 
Subjects gave ratings of thermal sensation, comfort, stickiness, preference and 
pleasantness in terms of both overall sensation and localised body parts. 
Questionnaires were completed every 15 minutes throughout the 60 minute 
experimental session. 
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8.6.6.3 Experimental route 
The route ran for approximately 75 km from Sevilla south to a point above the town of 
Jerez, Figure 8.2) 
P'ýgure 8.2 Map q1'experimental route 
The procedure consisted of a south and north experimental run along a motorway 
which went south and curved slightly to the south west by the end of the experiment. 
This meant that during the south experimental runs the cars were being driven into the 
sun, and for the return northern runs, the sun was behind the vehicle. After the 
completion of the 60 minute southerly experimental run, the vehicles took the next off 
road and crossed the motorway and headed north until reaching an air conditioned 
service station. Here the subjects were seated for 45 minutes or until they were 
thermally neutral before they entered the cars again for the next experimental session. 
This procedure was followed once in the morning and once in the afternoon. 
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8.6.7 Procedure 
The experimentation was undertaken on consecutive days when the weather was 
consistent, no cloud cover. Subjects were exposed to 4 conditions over the day. Each 
experimental exposure lasting for 60 minutes. The subjects were trained in the 
application of the skin thermistors prior to undertaking any experiments. Subjects 
fitted their own skin thermistors in their rooms and then dressed in the clothing 
ensemble provided. Once all of the subjects were instrumented and clothed, they 
assembled in the air conditioned hotel lobby, were checked by the experimenters and 
completed the first questionnaire. Subjects waited until they were in a steady thermal 
state around neutral. At the same time the drivers of the experimental cars, started 
their engines and run the air conditioning systems in them. This was to reduce the 
ambient air temperature in the vehicles. Both air conditioning systems were set at the 
same level, both for the 'cool down' period and the experimental run. There was 
constant communication between the experimenters in each vehicle by two way radio. 
When the subjects were in a steady thermal condition they were taken down to the 
underground car park and entered the vehicles. At this point the subjects completed 
another questionnaire, and this became time mark zero. As soon as all of the subjects 
had completed the initial questionnaire the vehicles were driven out of the garage and 
the test run started. The vehicles drove in convoy, south for one hour at a speed of 
approximately 70Kmh7- Subjects completed a questionnaire every 15 minutes, during 
which time the air velocity around both the front and rear passengers was measured 
and the direct radiation falling on the front subjects was recorded at the chest and on 
the thighs. That is in addition to all of the other environmental measures. 
Upon completion of the final questionnaire on the south run, the vehicles were driven 
off the motorway, crossed to the opposite carriageway and then the experimental party 
stopped at a road side caE The subjects rested in the air conditioned environment for 
45 minutes, this allowed the subjects to return to a near neutral thermal state. The 
vehicles were parked under canopies which shaded the vehicles from direct solar 
radiation. When the subjects were thermally stable they completed a questionnaire 
which established their thermal state. When the subjects were ready to undertake the 
next experimental run they were picked up from the front of the caf6. Prior to the 
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vehicles collecting the subjects the experimental vehicles were air conditioned for 
approximately 10 minutes. As soon as the subjects were picked up the vehicles were 
returned to the shaded area. Here the subjects undertook the first subjective 
questionnaire (time mark zero) of the northern run. When all subjects had completed 
their questionnaires the vehicles drove onto the motorway. The vehicles returned to 
north at approximately 60Kmh71. 
When the experimental time period was complete (60 minutes) the vehicles returned to 
the hotel. Subjects took a 'light' lunch, whilst the experimenters downloaded the data 
recorded and prepared the vehicles for the PM experimental runs. 
Subjects were exposed to the same experimental procedure during the PM 
experimental sessions, as described for the AM sessions above. That is a 60 minute 
exposure at 70Kmlf'. south, a break for 45 minutes and a 60 minute return journey 
north at 60Kmlf 1. 
8.7 Results 
The field trial generated a considerable amount of data; environmental, physiological, 
and subjective. Due to the unique environments that occurred for each individual 
experimental session the results will be presented as a summary for each subject. The 
analysis will group the data and correlate across all subjects comparing a number of 
rational and empirical models. Due to the constantly changing environment each 
subjective response was treated as an individual data point rather than an accumulation 
over time. Therefore, for each experimental exposure there were 5 subjective 
responses per subject. For each subjective response the environmental measurements 
were matched at 0,15,30,45, and 60 minutes. The environmental responses were the 
mean of 6 measurements taken at an interval of 10 seconds for each of the 
questionnaire administration times. 
Throughout the analysis the majority of the data collected is compared the with thermal 
sensation votes of the subjects. Thermal sensation was the variable chosen as the main 
factor to compare all the other variables to. It is the variable that provides the most 
information about how the subject perceives the environment and linked directly to 
thermal comfort indices such as the PMV. 
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8.7.1 Environmental conditions 
The environmental conditions for each of the experiments were recorded and are 
presented as summary tables for the experimental period. Due to the large amount of 
data recorded, the means over the experimental period have been taken to illustrate the 
variation in conditions encountered during the field trials. 
Figure 8.3 shows the data recorded at the centre of the vehicle for each of the 
experimental conditions over all four subjects. 
Figure 8.3 Histograms of t, 1, rh, vel,. for all experiments 
1DO 
Relative humclity centre air ve" centre 
Std Dev = 05 
Meon= 
ý113 
N= 640 00 
These histograms present a summary of the four main environmental parameters. They 
show the mean, the standard deviation and general distribution for t,,, t, rh(%) and 
v(ms'). The measurements were taken in the centre of the vehicle in shaded conditions. 
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Table 8.4 shows mean environmental data for each of the experimental conditions, 
(glazing type (A), direction (x2) and time (x2)). Data was complied from each 
experimental condition over time for each subject. 
Table 84 Summag (? f mean environmental data. for each test condition (n - 4) 
Dash ta Radia E. xter t, ta tg Rif air tr 
board Inid tim lial ta da, -4ib centre centre cuitre velo'i shade 
surfac (IC) Wm- (11c) oard (IC) (1c) (ON. ) ty d 
e2 ccntre (M/S) Omtre 
tenVe (IC) (1c) 
rature 
(v) 
GI front -outh am 33.0 7.1 222.0 29.2 37.6 26.5 28.1 35.8 0.09 29.0 
GI from north am 41.7 6.4 338.0 32.9 44-2 28.7 32.5 27.3 0.09 34.6 
GI front south pro 44.7 5.7 419.6 34.5 44.7 28.5 32.5 28.5 0.10 34.9 
01 front north prn 41.8 5.4 541.5 35.7 44.2 291 32.9 27.9 0.10 34.8 
GI rear south am 34.2 6.9 227.0 29.1 36.3 26.7 27.9 36.4 0.11 28.6 
GI rear n(mth am 46.4 7.1 374.0 32.9 44.0 29.5 32.5 26.6 0.09 34.2 
GI rearsouth pin 44.9 5.7 418.8 34.4 45.0 28.5 32.6 28.3 0.11 35.1 
GI rear north pm 41.7 5.4 347.2 36.1 42.9 27.8 32.9 27.8 0.10 35.8 
G2 tiont sotdh arn 34.4 4.9 321.1 27.9 31.4 24.0 25.2 33.0 0.11 25.8 
G2 front north am 41.0 4.9 367.7 30.8 41.7 24.8 27-2 27.2 0.14 28.6 
G2 front sotdh am 45.6 4.3 465.1 33.8 42.4 26.4 27.9 33.3 0.13 2&8 
02 front north pm 45.2 4.2 347.8 35.4 41.9 28.0 29.3 31.9 0.14 30.1 
G2 rear south am 37.6 4.4 285.8 29.2 33.6 26.0 26.3 31.3 (). 11 26.5 
G2 rear north am 39.9 4.5 290.9 30.4 38.0 26.5 26.8 31.3 0.11 27.1 
G2 rearsouth pm 44.7 4.2 470.7 34.6 42.5 24.1 271 29.0 0.15 29.0 
G2 rear north prn 43.8 4.2 340.2 35.3 41.0 27.0 29.1 27.4 0.14 30.4 
G3 front -south - 
34.1 5.6 260.4 25.4 34.8 24.5 27.9 32.6 0.10 29.8 
G3 front north am 46.0 5.2 328.1 29.6 42.2 28.3 31.1 25.5 0.11 32.4 
G3 front %outh P- 48.6 5.7 446.8 36A 44.2 29.6 31.0 27.5 0.09 31.6 
G3 front north p- 47.5 4.8 357.2 39.4 45.7 31.4 32.6 24.6 0.09 33.2 
G3 rear south am 34ý7 5.3 228.3 29.4 38.3 24.8 26.6 31.3 0.11 27.4 
G3 rear north am 45.6 5.2 301.6 33.1 42.6 28.8 31.5 26.1 0.10 32.8 
03 rear south pni 48.8 5.4 421.6 36.3 44.3 30.5 31.5 26.0 0.09 31.9 
G3 rear north prn 48.8 5.4 405.5 37.2 44-9 30.9 32,0 26.2 0.08 32.5 
G4 front south 38.0 5.1 301.7 29.4 38.4 26.7 27.9 31.0 0.09 28.7 
G4 front north am 50.0 5.4 382.0 33.4 50.5 30.0 31.1 24.0 0.10 31.6 
G4 front south pm 52.3 4.9 566.6 36.0 47.8 30.1 30.9 26.9 0.13 31.2 
G4 front north pm 52.7 5.2 392.1 38.5 49.1 33.2 33.5 26.9 0.13 33.7 
G4 rearsouth am 36.9 5.1 275.6 29.4 37.3 26.7 27.6 29.7 0.10 28.0 
G4 rear north am 49.2 5-5 406 5 33.4 47.5 30.0 31-2 24.9 0.10 31.8 
G4 rear south pm 49.7 4.6 516.3 36.0 44.4 29.4 30.8 25.9 0.14 31.4 
G4 rear north pm 50.0 4.8 404.3 38.6 47.8 32.1 33.4 25.8 0.12 34.0 
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Table 8.5 shows a summary of the external solar radiation for each of the experimental 
days, both in the morning and afternoon 
Table 8.5 External solar radiation levels (Wm-2) jbr the morning and afternoon sessions 
Time Moming sessions Aftemoon sessions 
Radiation type Direct Diffuse Albedo, Direct Diffuse Albedc, 
Day 1 735 98 167 Day 1 893 95 165 
Day 2 737 123 151 Day 2 803 95 170 
Day 3 709 76 161 Day 3 983 57 151 
Dav 4 756 47 161 Day 4 955 66 161 
Day 5 699 95 151 Day 5 870 104 151 
Day 6 756 85 161 Day 6 888 85 161 
Day 7 718 104 161 Day 7 870 95 161 
Day 8 671 123 132 Dav 8 870 95 161 
Mean 723 93 154 Mcan 891 93 154 
Stdev 31 27 11 Stdev 60 17 7 
The environmental conditions within the vehicle varied throughout the experimental 
session. Figure 8A shows measurements of air temperature, relative humidity, globe 
temperature and mean radiant temperature derived from t,, taken at the centre of the 
vehicle. 
Figure 8.4 Comparison (? f ta, 1g, 0, and irfor one complele experimenlal session. 
55 
w 
Comparison of temperatures inside the vehicle cabin, measurements 
taken in the shaded centre of the vehicle, (north run am). 
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It can be seen that the environmental conditions in the centre of the vehicle remained 
relatively constant throughout the experimental session, with only the relative humidity 
showing a slight downwards trend. Figure 8.5 presents air temperature, globe 
temperature, wet bulb temperature and mean radiant temperature derived from t. as 
measured on the dashboard. 
Page 197 
Figure 8.5 Comparison of (ýr, 1,1,, and tb measured on the dashboard 
Comparison of temperatures inside the vehicle cabin, measurements 
taken on the dashboard of the vehicle, (north run am). 
-Dashboard globe (, 'C) 
dry bulb dash ('C) 
dashboard viet bulb 
Mean Radiant Temperature dashboard centre ('C) 
R rime (mins) 
It can be seen that globe temperature and derived mean radiant temperature rise rapidly 
in the first 15 minutes and then reach a plateau. Air temperature increases slowly over 
the session, rising approximately PC Wet bulb temperature remained constant over 
the duration of the experiment. 
Figure 8.6 Radiation measured on the dashboard 
Direct solar radiation (Wfn-2) measured on the dashboard, 
(north run, am). 
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Figure 8.6 represents the direct solar radiation as recorded on the dashboard. The level 
of radiation was constant at approximately 450WM-2 throughout the experiment. It can 
be seen at 15 minute intervals that the radiation decreases to low levels, this was when 
the pyronometer was taken from the dashboard to measure the direct radiation on the 
subject. The low radiation measurement at 28 minutes was when the vehicle went 
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through a toll booth which was shaded. 
Figure 8.7 presents the mean skin temperature response for subject C, who was seated 
in the front passenger seat during this experimental session. The mean skin 
temperature rises rapidly by I 'C during the first 15 minutes of the experiment. Before 
settling at a temperature of approximately 34'C for 30 minutes and then increasing 
again slightly. 
Figure 8.7 Mean skin temperature ofsubject C during the north am experimental session 
Mean skin temperature for Subject C, measured in the front seat, 
(north run, am). 
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8.7.2 Interpretation of results 
It can be seen from Table 8.4 that the environmental conditions were fairly consistent 
across experimental conditions. The southern AM experimental runs always provided 
a relatively cooler environment than for the other 3 runs during the day. There are two 
reasons for this difference, 
a) The cars were stored in an underground car park overnight. This meant that the 
area was not exposed to direct solar radiation, and that the ambient air temperature 
was lower than that outside on the street. 
b) The ambient external air temperature and level of solar radiation were yet to reach 
their maximum for the day. The highest levels of solar radiation where seen during 
the southern PM run (approximate start time 14.00 hours). 
The inlet temperature shows that the air entering the occupant space remained constant 
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at 5.8 ± O. M. There was low air velocity 0.11 ± 0.02 ms", this meant that the 
subjects were unlikely to suffer any discomfort due to draughts. The mean t, and t, in 
the centre of the vehicle were 28.1 ± 2.4 and 31 ± 2.8 *C respectively indicating that 
the environment was 'slightly warm' to 'warm' on the PMV scale. The individual 
examples of the measurements recorded during one of the experimental sessions gives 
an indication of the environmental conditions in the vehicle. It can be seen that there is 
a trend for the temperature in the vehicle to increase over the duration of the 
experiment. This shows that the environment was changing throughout the 
experiment. This is further confirmed when evaluating the mean skin temperature 
responses of the subjects, which also showed increases over the experimental session. 
8.7.3 Comparison of environmental data and subjective responses 
Figure 8.8 presents a series of scatterplots of several environmental parameters, 
subjective responses and predictive models plotted against thermal sensation responses. 
The data presented represent 4 subjects for each condition, (glazing type, time of day, 
direction of test run and seating position), for the start of the experiment, 0 minutes, 
and the end of the experiment, 60 minutes. There are a total of 32 data points per 
subject, giving a total of 128 data points for each scatterplot. This shows the 
environment and condition of the subject at the start of the experiments and at the end. 
The three areas are presented separately and discussed. 
The following sensation scale used was; 
4 Very hot 
3 flot 
2 Warm 
I Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 cool 
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Figure 8.8 Scallerplots comparing start and end environmental data against actual thermal 
sensation vote 
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Figure 8.8 con't Scatterplots comparing start and end environmental data against actual 
thermal sensation vote 
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8.7.4 Interpretation of results 
The 0 minute readings show a tendency towards neutral (0) on the sensation scale. 
With the scatter shifting approximately 1.5 scale point along over the period of the 
experiment to the 60 minute point. The scatterplots show a wide variation of data 
points for each variable. There are low correlation's between the environmental 
variables (t, dash 0.42, Solar radiation dashboard 0.35, t, 0.27, t" 0.26, & rh -0.26) and 
the thermal sensation of the subjects. There was increased variation in both of these 
variables at the 0 minute recordings. This is due to the cool down period and the 
ingress of the external environment which was on average 28 - 30 OC. The air was 
more turbulent at the beginning of the experiments due to the movement of the air by 
the air conditioning system. There are a wide range of direct radiation values measured 
on the dashboard. The number of zero readings for the level of radiation measured on 
the dashboard, twere due to the first questionnaire being administered whilst the 
vehicle was still shaded. Although there are several high measurements, these occurred 
Rh txmtrL 
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when the subjects were transported from the air conditioned caf6 to the shaded canopy 
to complete their first questionnaires. 
8.8 Comparison of thermal sensation vote with mean skin 
temperature and A derivation of the thermal index 'Equivalent 
temperature' 
Figure 8.9 shows the relationship between the mean skin temperature measured on the 
subjects and the thermal sensation reported by the subjects at the time. It also presents 
the relationship between values of two thermal comfort indices and thermal sensation. 
A thermal comfort index is a single number, usually calculated from environmental 
conditions (ta, t, , vel, rh) that is related to thermal comfort. The index of equivalent 
temperature used was as follows 
1eq 
ý0.5521, +0.478t, -0.21V-v, *(37.8-1,, ) 
Based upon the research of Bedford ( 193 6) 
pigure 8.9 Scatterplots comparing start and end Isk and 1,, q against actual thermal sensation 
vote 
0 minutes (n = 4, observations 128) 60 minutes (n = 4, observations 128) 
Mean skin temperature Mean skin temperature 
11 ý 
. rc' .. 
i "i , .1F.: *, F 
tt». W .. w- ý. 4 tt»,. w ».. w. vb 
11 1- 
Equivalent temperature (Bedford 1936) Equivalent temperature (Bedford 1936) 
,4ýI 
" ":. S 
.. L. 
"" 
. 
ýlw 
i 
I llý 
31, 
.!: II 
% 
-c se 
-' I1I 
"---W . -. b- ý tt-d -~ -W 
8.8.1 Interpretation of results 
The scatterplots for the mean skin temperature show that at time zero there is a 
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tendency towards 0 (neutral). The cluster shifts between one and two scale points to 
cwarm' after 60 minutes. The two calculated equivalent temperatures showed little or 
no relationship to the sensation response of the subject. 
8.8.2 Comparison of thermal sensation votes with other subjective responses 
Figure 8.10 shows the relationship between different subjective measures of thermal 
comfort. It is of interest to know for example whether a person reporting a neutral 
sensation also reports being not uncomfortable. 
Figure 8.10 Scafferplots comparing start and end subjective responses against actual thermal 
sensation vote 
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8.8.3 Interpretation of results 
The scatterplots for thermal sensation vs thermal comfort, stickiness and preference 
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show that there is a clear relationship between them. It can be seen that as sensation 
increases, so does the level of thermal discomfort, stickiness and preference for the 
environment to be cooler. This is as would be expected, McIntrye (1980). 
8.9 Conclusions 
A comprehensive field trial was undertaken in an environment in which solar radiation 
was consistently high. The internal environmental conditions varied throughout the 
duration of the experimental period and individual experiments. This provided a 
considerable amount of independent conditions for each of the subjects. 
1. High levels of solar radiation were observed throughout all of the experimental 
sessions. This ensured that vehicles were consistently exposed to high levels of 
solar radiation. 
2. Environmental conditions within the vehicles changed throughout the experimental 
sessions, giving a variety of different thermal conditions to which the subjects were 
exposed. 
3. Mean skin temperature did not correlate well with the thermal sensation votes of 
the subjects. 
4. Subjective responses; thermal comfort, stickiness, preference and pleasantness, 
correlated highly with thermal sensation. 
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9. Validation of PNW,,,,.,: Laboratory studies to determine 
individual responses to solar radiation and analysis and 
discussion of the predictive models. 
9.1 Chapter summary 
The PMV.,, i. model was developed using mean thermal sensation votes. The limited 
number of subjects used for the field trial meant that if one of the subjects differed in 
response noticeable from the mean model response it would have a significant effect on 
the validation of the models. Individual response models were determined for each of 
the field trial subjects. The individual and mean PMV..,.,, were then anaylsed. The 
individual Ri. factors for the subjects did not provide significantly better correlations 
with the actual thermal sensation votes than the derived mean Ri,,, value (Chapter 7). 
9.2 Aim 
To establish individual response curves for each of the subjects who undertook the 
field trial experiments, to allow comparison with the mean response curve for the 
PMVsolar model. 
9.3 Introduction 
The PMV..,,,, model developed through the laboratory experiments (chapter 7) was 
based on a mean response curve (thermal sensation / radiation intensity). The number 
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of subjects used in the field study had been limited. If one of the subjects had a 
personal response to direct solar radiation that was different from that used in the 
model PMV..,, then the effect on the result may be significant. It would also enable 
comparison between individual models and the mean model. Upon return to the UK all 
of the subjects undertook laboratory experiments to determine their own personal 
response curves to direct simulated solar radiation. 
9.4 Method 
The subjects were exposed to 3 levels (200,400, and 600 Wrný) of direct simulated 
solar radiation. The experiment design and procedure were identical to that described 
in chapters 2 and 3. 
9.4.1 Subjects 
Four, male subjects that had taken part in the field trial experiment, (Table 8.2). 
Subjects wore a specified clothing ensemble of white cotton/polyester (65/35%) long 
sleeve shirt, (sleeves rolled up above elbow), beige cotton/polyester (65/35%) trousers, 
cotton under garments and deck shoes giving an estimated clo value of 0.7 (including 
seat), (ISO 7730: 1994). The car seats used were of the type currently fitted to the 
Fiat Punto and were supplied by Fiat 
9.4.2 Apparatus 
A controlled environmental chamber with simulated solar radiation lamps fitted 
externally. As fully detailed in chapter 2. 
9.4.3 Environmental conditions 
The environmental chamber was controlled in order to maintain a constant neutral 
environment condition, PMV =0 (ISO 7730). The air temperature, (t. ), mean radiant 
temperature (Q = t., relative humidity (rh) and air velocity (vel), subjects clothing and 
their metabolic rate, remained constant. 
Environmental conditions, (t. in a number of positions with thertnistors, t, corrected 
150 mm black globe next to the subject, air velocity, with hot wire anemometer next to 
the subject, relative humidity behind the subject) were monitored and recorded every 
ten seconds via Eltek/Grant squirrel data loggers. Radiation level was measured vAth a 
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Kipp and Zenon radiation meter, SP I 100. 
9.4.4 Physical and Physiological measurements 
A series of objective physiological measures were taken (mean and local skin 
temperatures) were recorded every 10 seconds via Eltek / Grant squirrel data loggers. 
Oral temperature was taken pre and post the experimental session. 
9.4.5 Subject questionnaire 
The subjects were required to complete a subjective questionnaire every 5 minutes 
during the experiment. The questionnaire consisted of four sections; thermal sensation, 
thermal comfort, stickiness, preference, and pleasantness vote. 
9.4.6 Procedure 
Subjects were placed in a thermo-neutral room for approximately 30 minutes prior to 
the experiment. Subjects had their skin thermistors fitted and got dressed in the 
standard clothing provided. The first subjective questionnaire was completed to ensure 
that they were thermally neutral prior to undertaking the experiment. 
The subjects were taken into the environmental test chamber. They were seated in the 
car seat, and they completed a questionnaire to ensure that they were still feeling 
neutral. When both subject and experimenter were satisfied the experiment 
commenced and the subject's seat was pushed into the direct solar radiation and they 
completed first experimental questionnaire. Subjects then completed a questionnaire 
every 5 minutes from this time. The subjects were seated in the car seat for 30 minutes. 
After completion of the final questionnaire, admHstered at 30 minuies, the subject was 
withdrawn from the direct radiation and a post experimental questionnaire completed. 
This procedure is described fully in chapter 2. 
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9.5 Results 
It can be seen from Table 9.1 that for all experimental conditions the predicted level of 
thermal comfort as calculated from ISO 7730 (1994) remained within the 0±0.5 PMV 
tolerance, when t, = t., as set a priori. Whilst, it can be seen that when the actual t, is 
placed into the thermal comfort equation, the simulated solar radiation loads change 
the environments from neutral (PMV = 0) to warm (PMV = 1.8) to hot (PMV = 2.8). 
The introduction of a directional source of radiation, had a significant effect on the 
mean radiant temperature as derived from globe temperature t. 
Table 9.1 Summary of environmental datafor the 3 radiation conditions 
200 wirf' 400 wrn-2 600 wnf2 
t, (OC) Derived from 34.98 40.74 47.41 
t9 (0c) 30.74 34.13 38.12 
t. (OC) 23.71 23.72 23.89 
Velocity (m/s) 0.05 0.06 0.08 
Relative Humidity (0/o) 36.78 34.87 35.44 
PNW 0.03 0.02 0.03 
PPD 5.0 5.0 5.0 
PW* 1.2 1.8 2.8 
PPD* 35.2 67.0 97.8 
AMV 1.4 1.9 2.8 
APD 45.5 71.1 97.3 
tr = ta 
t,, = measured t,, 
AMV = Actual Mean Vote 
The environmental conditions were as required, neutral without solar radiation and 
comparable to those produced in the original intensity experiment, Chapter 3. 
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9.5.1 Objective measures - mean skin temperature 
A weighted mean skin temperature was produced for each subject, using the 
Ramanathan four point method. Figure 9.1 presents the individual mean skin 
temperature responses for each subject. 
Figure 9.1 Individual mean skin temperatures for each subject 
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Figure 9.2 shows comparison of the mean of mean skin temperatures for all of the 
subjects for the three conditions. 
P'igure 9.2 Mean (? f mean skin temperatures Isk (? f the subjectsfirom 0 to 30 minutes (n 
Mean of the mean slan temperatures for ail subjects for 3 levels of solar radiation 
I F it 
bme (rrvns) 
Page 210 
ýq 
Fho qmmý. 
. W*W.. d . 130 
IQ 
Table 9.2 shows the mean skin temperatures taken at the 30 minute stage of the 
experiment. 
Table 9.2 End mean skin temperatures over subjects (30 minutes) 
Radiation level 600 Wnj-2 400 Wm-2 200 Wm-2 
Subject A 34.8 35.7 34.7 
Subject B 35.3 34.2 33.1 
Subject C 35.2 34.8 34.5 
Subject D 35.8 35.5 34.7 
Mean 35.28 35.09 34.30 
Standard deviation 0.38 0.69 0.75 
Table 9.3 shows the mean skin temperatures ranked according to the highest 
temperature measured on each subject. Where I is the lowest temperature and 3 is the 
highest. 
Table 9.3 Mean skin temperature rank of end votes over subjects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A213 
Subject B123 
Subject C123 
Subject D123 
Sum of ranks 57 12 
Rank of ranks 1.5 23 
9.5.2 Mean skin temperature - interpretation of results 
It can be seen that there was little variation in initial mean skin temperatures of the 
subjects. (Figure 9.1). Indicating that the subjects were in similar thermo-physiological 
states at the beginning of each exposure. Due to the limited number of subjects 
involved in this experiment no statistical tests were conducted on the data. The end 
values were merely ranked to give an overall impression of the order in which the 
subjects had responded. With the exception of subject A, all subjects responded as 
would have been expected, the higher the radiation level the higher the mean skin 
temperature. Further review of the skin temperature readings for subject A, showed 
that the skin temperature of the thigh and calf decreased during the exposure by LSOC 
This was not mirrored by the skin temperature readings taken at the other sites which 
remained constant after the initial increase in the first 10 minutes of exposure. 
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9.5.3 Subjective results - Thermal sensation 
Subjects recorded their thermal sensation every five minutes, Figure 9.3, shows the 
individual curves for each subject. 
Eigure 9.3 I'hermal sensation votes for individual subjects (experimental period 0 to 30 
minutes) 
The-al senwtm vote for ýbject A for three levels of dred -ulted sNar mchatim 
E-. ý 5----ý ------------- ------------------------ 
4 
Hot 
-200-2 
I N, W, ý D1- -------------------------------- 
skghuy 
i 
The-al ýMtM vote for wbpet C fOr thM I"S Of dMCt ýUlated solm mchatm 
-------------------------------- WOVý 2 
V"hd 4 
sý. -, t 
--400~-2 [ 
-200- 2 
i 21 
Thernnal sensation vote for subject B for three levels of direct simulated solar radiation 
-------------------------------------------- 
--WO ý2 
.. -2 
> 200 ýQ 
twaisataxi vote fOr Subtfid 0 fOr three levels of drect simulated solor isdiet1w -, I= 
=- 
---------------------- ------------- .1 
Vø(-y flat 
skoft 
200 ý -2 
1'... (--) 
Figure 9.4 Mean overall thermal sensation graph for AMVfor 3 dij . 
Terent Simulated Solar 
radiation intensities (n -- 4) 
Mean thermal sensation vote for three levels of direct simulated solar radiation (n = 4) 
E&emdy 5 
hd 
I 
Very hot 
-600 Wý2 
400 Wm-2 ------------------------------------------- 
-- 200 Wm-2 
Hot 
-%"y 
Coco -1 
1-- 
-, -- - 
bme (nins) 
The end vote (30 minutes) of each subject was taken for analysis Table 9.4 shows the 
end sensation votes for each subject, whilst Table 9.5 shows the ranked result by 
subject. 
I 
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Table 9.4 Thermal. Sensation Fnd Votes over subjects (30 minutes) 
WM-2 WM-2 Radiation level 600 400 200 Wm-' 
Subject. 1 2.90 1.30 0.90 
Subject B 2.20 1.20 0.90 
Subject C 3.00 3.00 2.30 
Subject D 2.90 2,00 1.45 
Mean 2.75 1.88 1.35 
Standard dcviation 0.37 0.83 0.65 
Table 9.5 Thermal sensations rank of end votes over subjects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A123 
Subject B123 
Subject C 1.5 1.5 3 
Subject D123 
Sum of ranks 4.5 7.5 12 
Rank of ranks 123 
Figure 9.5 shows the mean end thermal sensation votes piotted over radiation, with the 
standard deviations. 
Figure 9.5 Thermal sensation graph. for mean end AA4V (n - 4) 
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9.5.4 Thermal sensation - interpretation of results 
Thermal sensation votes indicate how warm the subjects feel in the environment. The 
rank order of the actual votes was as expected, an increase in sensation for an increase 
in radiation intensity. The Actual Mean Votes mirrored those found during the 
intensity experiment, (Chapter 3). With subjects finding the 200wn, -2 slightly warmer 
than in the original experiment by 0.24 of a scale point, and the 600 'A, n, I cooler by 0.43 
of a scale point. At 400w. -I there was very close agreement with the first experiment, 
with a difference in mean vote ofjust 0.12. 
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9.5.5 Thermal comfort votes 
Subjects recorded their thermal comfort every five minutes, the individual curves for 
each subject, shown in Figure 9.6. 
Eigure 9.6 votes for individual subjects (Experimental period 0 to 30 
minutes) 
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Figure 9.7 shows the mean thermal comfort plots for all the subjects for the four 
experimental conditions. This shows clearly an increase in the level of discomfort felt 
by the subjects between each of the conditions. 
Figure 9.7 -Mean overall thermal comfort graph fior AM V (n 4) 
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end sensation votes for each subject, Table 9.7 shows the ranked result by subject. 
Table 9.6 Thermal coMfort End Votes over subjects (30 minutes) 
Radiation lcvcl 600 Wm-2 400 WM-2 200 Wm-2 
Subject. -I 2.10 1.20 0.70 
Subject B 2.00 1.20 0.00 
Subject C 2.00 2.10 1.60 
Subject D 2.20 1.40 0.70 
Mean 2.08 1.48 0.75 
Standard dcviation 0.10 0.43 0.66 
Table 9.7 Thermal comfbrt rank of end votes over subjects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A123 
Subject B123 
Subject C213 
Subject D123 
Sum of ranks 57 12 
Rank of ranks 123 
Figure 9.8 shows the mean end thermal comfort votes plotted over radiation, with the 
standard deviations. 
Figure 9.8 Thermal con? fOrt graph. for end AA4V and standard deviation (n - 4) 
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9.5.6 Thermal comfort : Interpretation of results 
'Uncomfortable' ratings provide an indication of the thermal discomfort of the subject 
whatever the cause. The uncomfortable ratings in the experiments followed the pattern 
indicated in the thermal sensation votes. 
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9.5.7 Subjective measures - Stickiness vote 
Subjects recorded their stickiness every five minutes, the individual curves for each 
subject, are shown in Figure 9.9. 
Piýgure 9.9 Stickiness votes for individual subjects (Erperimental period 0 to 30 minutes) (n 
4) 
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Figure 9.10 shows the stickiness plots for the four conditions. This shows clearly an 
increase in the level of discomfort felt by the subjects between each of the conditions. 
, vigure 9.10 Mean overall stickiness graph 
for AMV (n 4) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 9.8 shows the 
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end sensation votes for each subject, whilst 9.9 shows the ranked result by subject. 
Table 9.8SIickinessEnd Votes over subjects (30 minutes) 
Radiation level 600 wm-2 400 WM-2 200 wm-2 
Subject. 1 1.90 1.00 0.30 
Subject B 1.90 1.00 0.00 
Subject C 2.00 2.00 1.50 
ject D 1.50 'ýub 2.00 0.60 
Mean 1.95 1.38 0.60 
Standard deviation 0.06 0.48 0.65 
Table 9.9Stickiness rank of end votes over subjects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A123 
Subject B123 
Subject C 1.5 1.5 3 
Subject D123 
Sum of ranks 4.5 7.5 12 
Rank of ranks 123 
Figure 9.11 shows the mean end votes plotted over radiation, with the standard 
deviations. 
Figure9.11 . 
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9.5.8 Stickiness - Interpretation of results 
When a subject becomes warm, some sweating will occur. The interaction between the 
sweat, clothing and seat materials will cause stickiness. Again, there is a clear 
relationship between increase in radiation intensity and stickiness, suggesting that the 
subjects are starting to sweat in order to maintain thermal comfort. It is noticeable that 
there was wide variation in response at 20OWM-2 (SD 0.65), yet almost total agreement 
between the subjects on the level of stickiness at 60OWm-2 (SD 0.06). 
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9.5.9 Preference 
Subjects recorded their preference for their thermal environment every five minutes, 
the individual curves for each subject, as shown in Figure 9.12, 
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Figure 9.13 shows the preference plots for the four conditions. This shows clearly an 
increase in the desire for the environment to be cooler as the level of direct solar 
radiation increases. 
Pigure 9.13 Mean preference volesfor subjecisfor each radiation condition over 30 minjiles 
(n = 4) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 9.10 shows the 
400VWý2 
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end sensation votes for each subject, whilst Table 9.11 shows the ranked result by 
subject. 
Table 9.10 Prqkrence end votes over subjects (30 minutes) 
21 Radiation level 600 Wm- 400 Wm- 200 Wm-- 
SubjectA 2.30 1.30 1.20 
Subject B 2.30 1.10 -0.40 
Subject C 2.60 2.30 1.95 
Subject D 2.20 1.50 0.85 
Mean 2.35 1.55 0.90 
Standard deviation 0.17 0.53 0.98 
Table 9.11 Preference rank ofend votes over subjects (30 minutes) 
Radiation level 600 Wni-2 400 Wni-2 200 Wm-2 
Subject A123 
Subject B123 
Subject C123 
Subject D123 
Sum of ranks 12 
Rank of ranks 123 
Figure 9.12 shows the mean end votes plotted over radiation, with the standard 
deviations. 
Figure 9.12 Preference graph. for mean end AMV and standard deviation (n - 8) 
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9.5.10 Preference - Interpretation of results 
Preference is a powerful indicator of thermal comfort and satisfaction. The overall 
relationship with radiation intensity is again for the desire for a cooler environment as 
the radiation intensity increases. Subject B shows a different response to the other 
subjects for the 200wm-2 condition. Here the subject feels that they would like to be 
cslightly warmer'. Their thermal sensation had indicated that they were 'slightly 
warm', but the thermal comfort vote and stickiness showed no discomfort. 
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9.5.11 Pleasantness 
Subjects recorded their pleasantness for their thermal environment every five minutes, 
the individual curves for each subject, as can be seen in Figure 9.13. 
P'(gure 9.13 Pleasantness votes. for individual subjects (Experimental period 0 to 30 minutes) 
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Figure 9.14 shows the pleasantness plots for the three conditions. This shows clearly 
an decrease in perceived pleasantness of the environment felt by the subjects between 
each of the conditions. 
Figure 9.14 - Mean pleasantness votes for subjectsfiv each glazing condition over 30 
minutes (n - 4) 
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The end vote (30 minutes) of each subject was taken for analysis. Table 9.12 shows the 
end pleasantness votes for each subject, whilst Table 9.13 shows the ranked result by 
subject. 
Table 9.12 Pleasantness end votes over sublects (30 minutes) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A -2.25 -1.20 -1.00 
Subject B -2.25 -1.00 2.85 
Subject C -2.60 -2.20 -1.85 
Subject D -2.40 -1.40 0.00 
Mean -2.38 -1.45 0.00 
Standard deviation 0.17 0.53 2.04 
Table 9.13 Pleasantness rank of end votes over sublects (30 minules) 
Radiation level 600 Wm-2 400 Wm-2 200 Wm-2 
Subject A32 
Subject B32 
Subject C321 
Subject D321 
Sum of ranks 12 84 
Rank of ranks 321 
Figure 9.15 shows the mean end pleasantness votes plotted over radiation, with the 
standard deviations. 
1-ýigure 9.15 Pleasantness graph jbr mean end AMV and standard deviation (n 4) 
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9.5.12 Pleasantness - Interpretation of results 
Pleasantness, can be considered an amalgam of thermal sensation, comfort and 
preference, as well as any other factors in the environment that may add to the subjects 
overall perception. WMst this measure had not been used in the original laboratory 
experiment, it had been added to the subjective questionnaire during the pilot 
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experiments for the field trails. The overall responses follow closely those of the more 
traditional thermal sensation, comfort stickiness and preference measures. It can be 
seen that the subjects found the environment at the start of the experiments between 
'neither pleasant or unpleasant' to 'very pleasant'. As exposure to the radiation occurs 
then the responses start to miffor those of the other psychological responses. Only 
subject B deviated from the expected pattern for one condition. They found the 200wW2 
environment to be 'pleasant' whilst the other subjects considered it 'slightly 
unpleasant'. This would suggest that they actually liked the environment like this, this 
is in agreement with their responses, to the thermal comfort, stickiness and sensation 
vote. 
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9.6 Discussion 
The results of the individual response experiments were as expected based upon the 
knowledge gained from the intensity experiment (see chapter 3). Subjects 
physiological and psychophysical responses compared well with the previously 
established data. 
This indicated that the experimental procedure and results obtained were repeatable 
and valid for the condition investigated. 
The aim of this experiment was to determine the specific response curves to radiation 
intensity for each of the subjects who had participated in the field trial. The response 
curves were plotted from the experimental data obtained. Figure 9.15 shows the 
individual responses curves for each of the four subjects. 
Figure 9.16 Individual response curves, for each (? f the 4 subjects in thefield trial 
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Having established the discomfort curves for each of the subjects. The mean radiation 
level causing a thermal sensation scale point shift was calculated. The direct radiation 
falling on the subject was divided by their sensation vote and averaged across the 3 
conditions. Table 9.14 gives the individual radiation level responses for each subject. 
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Table 9.14 Mean personal response radiation over thermal sensation. (n = 4) 
Personal radiation level (WM-2 per thermal 
sensation point) 
Subject A 246 
Subject B 276 
Subject C 140 
Subject D 187 
Mean 212 
The individual responses showed a wide variation in the amount of direct solar 
radiation to produce a single scale point shift in thermal sensation. These individual 
radiation level responses were substituted into the PMVolar equation instead of the 
mean value of 200 Wmý per sensation scale point shift. The individual PMV..,, 
calculations were used to see if there would be an increase in the sensitivity of the 
model to predict how the subjects would respond to the environments. Analysis of 
these individual changes are conducted and discussed in Chapter 10. 
9.7 Conclusions -individual responses 
1. Mean skin temperature, Physiological responses of the subjects were similar to 
those results obtained in previous experiments in this study. Weighted mean skin 
temperature increased significantly for each incremental input of 200 Wnf 2 of 
direct simulated solar radiation 
2. Thermal sensation, thermal comfort and stickiness votes - Clear increases in the 
sensation and discomfort felt by subjects as the radiation level increased. The level 
of these increases were as would be expected based on the first solar radiation 
experiment (Chapter 3). 
3. Individual responses - There was a wide range of variation in responses from the 
subjects, indicating a wide range of different sensitivities to solar radiation level. 
Individual discomfort curves and mean radiation responses were found for the 
subjects. 
4. Experimental validity - Although there was significant individual differences in 
response to the radiation levels, the overall mean response of the subjects was 
similar to the original experiment. 
5. individual model versus Mean models - The effect of direct solar radiation on each 
of the subjects was determined. These individual R,,,,,. factors could now be 
analysed along with the mean PMV. 1, model against the field trial data. 
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10. Validation of PMV,.,.,: Analysis and correlation 
10.1 Chapter Summary 
This chapter presents the results of the analysis of the data measured during the field 
trial and the personal response models. The individual and mean PMV,,,,,., were then 
anaylsed. The individual R.,,,, factors (Chapter 8) for the subjects did not provide 
significantly better correlations with the actual thermal sensation votes than the derived 
mean R..,,,, value (Chapter 7). A comparison of thermal sensation votes against the 
predictive models using Spearman's rho correlation coefficient (r) showed that the 
model based upon the Predicted Mean Vote (PMV - ISO 7730: 1994) corrected for 
the effects of direct solar radiation. (based upon the results of the laboratory 
experiments) provided the best comprehensive thermal comfort index. 
10.2 Aim 
To compare the predictions from a number of predictive thermal comfort models 
(mean and individual) with actual thermal sensation vote recorded during an extensive 
field trial in Spain. 
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10.3 Introduction 
The field trial conducted in Spain had produced a large amount of data which could be 
used to validate the derived predictive models, (Chapter 8). Further experimental 
investigation had determined individual responses to direct solar radiation for each of 
the four subjects who undertook the field study, (Chapter 9). These data was 
assembled and the various predictive models were run with the actual environmental 
measurements recorded during the field trial. The predictions generated were then 
compared with the actual thermal sensation votes for each subject. 
10.3.1 Predictive models 
A considerable body of environmental data was recorded. The data were used in a 
number of predictive models, previously discussed in chapter 7. This enabled the 
models to be validated against the subjects actual responses. Table 10.1 shows the 
models evaluated, the basic formula used and the inputs for each. A number of the 
models are similar, the variation is in the envirom-nental inputs. 
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Table 10.1 Summary ofpredictive models and environmental parameters usedfor calculation 
31odel Inputs 
PAW t. t, (defivedfrom pg), A, v. clo, met 
ISO 7730 thermal comfort model derived from Fanger (1970). Calculated using environmental measurements from the 
centre of the car, and estimated clo value of 0.7 and an estimated metabolic rate of 70 Wff'. 
PMV solar on dash, 1200 t,,, tA- OMVOdfrom tg), rh, V. CIO, met, Solar dashboard 
ISO 7730 thermal comfort model with a correction factor for direct solar radiation. Calculated using environmental 
measurements of rh, v, ta, t, from the centre of the car. The level of radiation (Wm72) measured directly on the 
dashboard with a pyronorncter, this radiation load was divided by 200 Wm-2. With an estimated clo value of 0.7 and an 
estimated metabolic rate of 70 Wm-2. 
PW + solar (chest) t. t, (derivedfrom pg), rh, v, clo, met, solar on subjects chest 
ISO 7730 thermal comfort model with a correction factor for direct solar radiation- Calculated using environmental 
measurements of rh, v, ta, t, from the ccntre of the car. The level of radiation (WM72) measured directly on the subject, 
with a pyronometer perpendicular to the subjects chest, this radiation load was divided by 200 Wm72. With an 
estimated clo value of 0.7 and an estimated metabolic rate of 70 WM 2. 
PAW + solar gegs) I. t,, (derivedfrom tg), A, v, clo, met, solar on subjects legs 
ISO 7730 thermal comfort model with a correction factor for direct solar radiation. Calculated using environmental 
measurements of rh, v, ta, t, from the centre of the car. The level of radiation (Wie) measured directly on the subject, 
with a pyronometer perpendicular to the subjects thighs, this radiation load was divided by 200 Wmw2 . An estimated clo 
value of 0.7 and an estimated metabolic rate of 70 Wrn-'. 
PAN + solar (combined chest & legs) la. 4- (dmvedfrom tg). A, v. clo, met, solar on subjects (chest & legs 
combined) 
ISO 7730 thermal comfort model with a correction factor for direct solar radiation. Calculated using environmental 
measurements of rh, v, ta, tr from the centre of the car. The level of radiation (win-) measured directly on the subject, 
with a pyronometer perpendicular to the subjects chest and then thighs, a mean of the two radiation levels was taken 
and this radiation load was divided by 200 Wtn72- With an estimated clo value of 0.7 and an estimated metabolic rate of 
70 Wm -2 - 
PMV + solar (combined chest & legs) and t. t, (derivedfrom tg), rh, v, CIO, met 
areafactor 
This used the formula for TMV + solar (combined chest & legs)' as well as an estimation of the percentage of the 
body area exposed to direct radiation. 
PMV+ calculatedAMT t. to. (calculatedfrom direct solar and 1a), A, v, CIO, met 
ISO 7730 thermal comfort model with a correction factor for direct solar radiation. Calculated using environmental 
measurements of rh, v, ta, from the centre of the car. Ile mean radiant temperature was derived using estimations of 
plane radiant temperature. Using the level of radiation (Wm72) measured directly on the subjects chest, with a 
pyronometer from which plane radiant temperature could be estimated from a given level of radiation. t, was 
calculated using the plane radiant method described in ISO 7726 (1985). 
f- 
LF - 2(0.18 + 0.22+ 0.3) 
With an estimated clo value of 0.7 and an estimated metabolic rate of 70 Wm72. 
10.3.2 Analysis -Correlation 
The analysis of the data was undertaken using Spearman's rank correlation coefficient. 
Correlation is the measurement of the extent to which pairs of related values of two 
variables tend to change together. It also give a measure of the extent to which values 
of one variable can be predicted from the values of the other variable, Coolican (1994) 
0.1 8(t. p + td.. n) + 0.22(tright + tieft) + 0.3(tfmt + tbak) 
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The data was assembled from all four subjects. It was assumed that the each sensation 
vote was independent within the experimental sessions. This was because the 
constantly changing occupant environment meant that the subjects were not presented 
with the same thermal environment each time they completed the questionnaire. This 
produced 640 data points for each environmental, personal and predictive model 
response. All of the variables were correlated against each other, this produced a 
correlation matrix. From this matrix only the correlation's for thermal sensation were 
used for further analysis. Appendix E presents a summary of thermal sensation 
correlation matrices. These present the complete correlations of thermal sensation with 
all predictive models, plus the environmental measures. They show the results for each 
individual subject, in both seat positions (front and rear) and overall. Finally, all the 
data from the subjects was combined and correlated, this gave a further three matrices, 
total front, total rear and total overall. 
Thermal sensation is the measure that would provide the strongest indication of the 
subjects thermal state, so it is reasonable to assume that its relationship to the other 
variables will provide the most suitable evaluation of the environment. The variables 
were ranked according to their correlation coefficient, highest correlation I and next 
highest 2, and so on. Table 10.1 shows the correlation matrix for all subjects 
undertaking all experimental conditions. Only the 20 highest correlations were used 
for further analysis. 
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Table 10.1 Correlation of experimental measures with thermal sensation votes over all 
subjects and conditions 
Variable Correlation Rank n 
coefficient 
Thermal sensation vote 11 640 
Thermal comfort vote 0.9 2 640 
Sticldncss vote 0.8 3 640 
Thermal preference vote 0.8 4 640 
Pleasantness vote 0.8 5 640 
Dashboard surface temperature 0.5 6 640 
Globe temperature dash 0.5 7 640 
Air temperature dashboard 0.4 8 620 
Mean radiant temperature dash board 0.4 9 605 
Glazing internal temperature 0.4 10 625 
Wcightcd tr dash and Centre 0.4 11 635 
Weighted ta. of dash, subject and Centre 0.4 12 640 
PMV with solar on dash over 200 0.4 13 622 
Radiation at dashboard 0.4 14 640 
Weighted ta, at subject knees & feet 0.4 15 640 
Mean sIdn temperature 0.4 16 640 
Mean temperature for subject 0.3 17 640 
weight ta central and local 0.3 18 625 
PmV + calculated MRT 0.3 19 620 
Weighted ta at subjects shoulder & knees 0.3 20 640 
Weighted ta at subject low 3 sites 0.3 21 619 
Forehead temperature 0.3 22 620 
PMV + solar combined 0.3 23 640 
PMV + solar legs 0.3 24 640 
Globe temperature Centre 0.3 25 640 
Teq (Bedford) 0.3 26 640 
PMV Centre + solar (chest) 0.3 27 640 
PMV using Centre shaded measures 0.3 28 640 
External air temperature rear 0.3 29 640 
Mean radiant temperature Centre 0.3 30 640 
Air temperature Centre 0.3 31 640 
The subjective responses correlated highest with thermal sensation, this is in agreement 
with McIntyre (1980). This was followed by a number of environmental parameters, 
measured around the dashboard. The first model was the adapted PMV model, with 
the correction for direct solar radiation measured at the dashboard, this had a 
correlation coefficient of 0.40. 
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10.3.3 Correlation front passenger only 
Table 10.2 Correlation of experimental measures with thermal sensation votes offront seat 
passengers 
Variable Conclation Rank n 
cocff icient 
Thermal sensation vote 11 320 
Thermal comfort vote 0.9 2 320 
Thermal preference vote 0.8 3 320 
Stickiness vote 0.8 4 320 
Pleasantness vote 0.8 5 320 
PMV + calculated MRT 0.6 6 320 
Dashboard surface temperature 0.5 7 320 
Air temperature dashboard 0.5 8 320 
Globe temperature dash 0.5 9 320 
PMV + solar legs 0.5 10 320 
Mean radiant temperature dash board 0.5 11 300 
Mean skin tcmpcraturc 0.5 12 320 
PMV + solar combined 0.5 13 320 
Glazing internal temperature 0.5 14 320 
Radiation at dashboard 0.4 15 320 
Weighted ta of dash, subject and centrc 0.4 16 320 
Weighted tr dash and ccntrc 0.4 17 315 
PMV with solar on dash over 200 0.4 18 302 
External air temperature rear 0.4 19 320 
PMV ccntre + solar (chest) 0.3 20 320 
Weight ta central and local 0.3 21 320 
Air temperature ccntrc 0.3 22 320 
Weighted ta at subject low 3 sites 0.3 23 320 
Tcq (Bedford) 0.3 24 320 
Weighted ta at subjects shoulder & knees 0.3 25 320 
Weighted ta at subject knees & feet 0.3 26 320 
Mean temperature for subject 0.3 27 320 
Pmv using ccntre shaded measures 0.3 28 320 
Globe temperature centre 0.3 29 320 
Forehead temperature 0.2 30 320 
Mean radiant temperature centre 0.2 31 320 
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10.3.4 Correlation rear passenger only 
Table 10.3 Correlation o experimental measures with thermal sensation votes of rear seat 
passengers 
Variable Correlation Rank n 
cocfficicnt 
Thermal sensation vote 11 320 
Thcrmal comfort vote 0.9 2 320 
Sticldness vote 0.9 3 320 
Thermal preference vote 0.8 4 320 
Pleasantness vote 0.8 5 320 
Dashboard surface temperature 0.5 6 320 
Weighted tr dash and centre 0.4 7 320 
Globe temperature dash 0.4 8 320 
Glazing internal temperature 0.4 9 305 
Forehead temperature 0.4 10 320 
Mean radiant temperature dash board 0.4 11 320 
PMV with solar on dash over 200 0.4 12 300 
Mean radiant temperature centre 0.4 13 320 
Globe temperature ccntre, 0.3 14 320 
Air temperature dashboard 0.3 15 320 
Radiation at dashboard 0.3 16 320 
Weighted ta at subject knees & feet 0.3 17 300 
Weighted ta, of dash, subject and centre 0.3 18 300 
PMV using ccntre shaded measures 0.3 19 320 
PMV + solar combined 0.3 20 320 
PMV + solar legs 0.3 21 320 
PMV ccntre + solar (chest) 0.3 22 320 
Teq (Bedford) 0.3 23 320 
Mean temperature for subject 0.3 24 300 
PMV + calculated MRT 0.3 25 320 
Weight ta central and local 0.3 26 305 
Wcighted'ta at subjects shoulder & knees 0.3 27 320 
Weighted ta. at subject low 3 sites 0.3 28 320 
Air temperature centre 0.2 29 320 
External air temperature rear 0.2 30 299 
Mean sldn temperature 0.2 31 320 
10.4 Interpretation of results 
it can be seen from tables 10.1,10.2 & 10.3 that predictive measures fall into three 
categories. These are other subjective measures, thermal comfort, stickiness, 
preference, measures associated with the dashboard and the measures including thermal 
indices and models. 
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10.4.1 Predictive model correlations 
Further analysis was undertaken on the predictive models. Figure 9.10 shows 
scatterplots comparing several of the predictive models which provided the highest 
correlation's. 
Figure 9.10 Scallerplots comparing start and end predictive models against actual thermal 
sensalion vote 
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The numbers on the x axis represent the following thermal sensations, -2, Cool, -1, 
Slightly cool, 0, Neutral, 1, Slightly warm, 2, Warm, 3, Hot, 4, Very hot. 
It can be seen that all of the models show a shift from of approximately one to two 
thermal sensation scale points, over the duration of the experimental exposure. This 
indicates that there was an increase in thermal sensation in the vehicle environment 
during the experimental session, (subjects become warmer). 
10.5 Discussion 
It can be seen for all three sets of correlation's with thermal sensation votes (overall, 
front seat, rear seat) that the measures fall into three categories. These are those 
related to other subjective measures, those related to the dashboard, and other 
environmental measures and methods including thermal comfort models and indices. 
Interestingly, measures on the dashboard are related to the thermal sensation even of 
those seated in the rear of the vehicle. This may be because the dashboard acts as an 
entry point for the majority of the solar radiation. Particularly in this experimental 
scenario, where the sun had a high altitude and azimuth, placing it directly above the 
vehicle for the majority of the day. 
The highest correlation with thermal sensation is thermal comfort as measured on an 
(uncomfortable' scale. This is closely followed by stickiness, preference and 
pleasantness votes. This could be considered to be a predictable result. It is important 
however as any model that accurately predicts thermal sensation could therefore be 
expected to be a good predictor of thermal comfort, stickiness, preference and 
pleasantness. 
The prediction of thermal sensation from environmental variables was an order of 
magnitude less accurate than from other subjective measures. The physical measure 
that most closely relates to thermal sensation votes is dashboard surface temperature 
(r). The thermal comfort model that provided the highest correlation with thermal 
sensation was the PMV. i,,, as derived in chapter 7, using as it solar radiation input 
radiation measured on the dashboard, (i. e. R., I,,, ). 
Page 233 
The PMV,.,, model using radiation measured on the subject, as in the original 
laboratory experiments, provided lower correlation than the model where the R.,, i,,, 
factor was taken as dashboard radiation. It is difficult to explain this result. However, 
dashboard radiation is highly sensitive to solar radiation level and could provide a 
better indication of overall radiation than the methods used for measurement on the 
passenger. This may also explain the success of this method for rear passengers or for 
when the direction of the sun was to the rear of the vehicle. Here dashboard 
temperature and radiation would fall and the PMV part of the model would be 
donýnant for both front passengers away from the sun or rear passengers shielded by 
the roof and the rear of the car. 
As determined during the development of the PMV j, (Chapter 7), the proportion of 
body area exposed did not increase the sensitivity of the model to predict the thermal 
comfort of the passengers. It should be noted that the body surface area exposed to 
direct radiation varied greatly throughout the experiments. The altitude and azimuth of 
the sun remained relatively constant through the experimental sessions, but subtle 
changes in direction of the car relative to the sun resulted in quite large changes in the 
amount of solar radiation falling on the body. 
The correction of the R,. I,,, factor in the PMV.. i,. model with the individual sensation 
response curves did not improve its predictability compared with the predictions 
produced by the PMV.,,., model using the mean R,. I,,, factor. 
The correlation of PMV. i. with actual thermal sensation votes in the field was much 
lower than in the laboratory experiments. This may be as a result of the model being 
developed in an essentially thermally neutral environment, with the exception of the 
direct solar radiation on the subject. It is possible that as the environment deviates 
from neutrality, in the case of the field trial increasing in temperature, that the model 
does not continue to increase linearly. It suggests that the thermal sensation scale 
point shift empirically determined may not be constant as the environment changes. 
The effect of 200 Wrný, in terms of thermal sensation, at 240C may not be the same at 
28'C. As the air temperature of the environment increases so the thermal sensation of 
the person will increase. 
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If we consider an environment were the environment has the following environmental 
conditions: 
Ta = 29"C 
Tr =291C 
V=0.1 
RH 30 
Met 70 wm-2 
Clo 0.7 
This would give a PMV of 1.30, this would estimate that the person was 'slightly 
warm' to 'warm', if then the person was exposed to 500 Wrn-2 of direct radiation, the 
PMV.,, Ia, model would predict that the thermal sensation would be 3.8, a 'very hot' 
environment. The effect on thermal sensation of solar radiation may in fact be less 
pronounced than when a person is at thermal neutrality. This could be based on 
personal preference, in that once a person is hot, the addition of further heat sources 
may not have the same effect as when they are feeling cooler, i. e. neutral. Certainly at 
lower levels of direct solar radiation, 300 Wm72, some subjects indicated that whilst 
they were aware of the thermal sensation, they actually found it pleasant, reporting no 
thermal discomfort. It maybe possible that ratio of radiation intensity and scale point 
shift changes as ambient temperatures increase. Further investigation would be needed 
to determine if this is the case. 
It is clear from the results that the best predictor of thermal sensation votes in vehicles 
are the thermal comfort votes. This is not useful however, and for practical application 
a vehicle designer or glazing manufacturer would wish to know the factors in the 
internal vehicle environment that are related to thermal sensation and comfort. In the 
present study it is possible to provide two models. These are the surface temperature 
of the dashboard and the PMV. i,,, model when using the radiation measured on the 
dashboard as the R..,,. factor. 
The dashboard model is a pragmatic model and provides a simple measure that is 
related to the thermal comfort of front and rear passengers. The mechanism may be 
related to the location, orientation and structure of the dashboard. It is located in full 
'view' of the front window and is therefore a sensitive instrument, detecting changes in 
direct solar radiation as modified by the glazing. 
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Vehicle occupants respond to the microchmate to which they are immediately exposed. 
The PMV index (IS07730 1994) integrates air temperature (t. ), radiant temperature 
(Q, air velocity (v) and humidity (rh) with clothing insulation and activity level of the 
person to provide a prediction of average thermal sensation. It is sensitive to all of the 
parameters whereas dashboard temperature is not. 
10.5.1 General discussion 
The field trials were designed to assess the impact of solar radiation, but it should be 
noted that other environmental parameters will have had an effect on human thermal 
comfort. These were not specifically investigated, although every attempt was made to 
keep them constant through out the experimental sessions. Air velocity was low, 0.113 
± 0.05, this presented little or no risk of discomfort due to draught. In other scenarios, 
the use of air movement can aid the achievement of thermal comfort, this is most 
commonly done through the opening of windows. Opening of the windows creates a 
very turbulent environment, which can provide a cooling effect very quickly. 
However, this may cause some discomfort to the occupants once the initial cooling 
effect becomes a more steady state cool condition. Such gross control of the 
environment does not provide a consistently satisfactory human environment. The 
occupant often having to open and close the windows to achieve the desired 
conditions. 
The frequently used method of achieving a thermal satisfying environment is through 
air conditioning systems. Rohles and Wallis (1979) had comprehensively assessed the 
most effective method of using air conditioning to produce both optimum and effective 
placement of air vents for achieving thermal comfort conditions. The use of air 
conditioning is now commonplace in domestic vehicles, which helps to provide a 
thermally pleasant environment 
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It is also affected by radiation to the side of the car. Overhead conditions to the rear of 
the car %rill not affect the dashboard or the passengers. Use of the dashboard 
temperature, as a comprehensive thermal comfort index will be insufficient. Thermal 
comfort is also by influenced by clothing, and the seat materials and subsequent 
insulative values produced. 
10.5.2 Limitations of the PMV. 1.,. model. 
The PMVol,, model provided a good prediction based on data gained from controlled 
laboratory experiments. The agreement between the predicted and actual vote found in 
the field was not as strong. The field trials often did not result in as much direct 
radiation on the subjects as had been expected. This coupled with a higher than 
expected mean t, in the occupant space meant that the mean non solar radiant PMV 
provided an environment that was 'slightly warm to wartn' rather than 'neutral'. The 
poorer correlation found in the field of PMV,,,,,,,, maybe due to the relationship between 
the intensity of solar radiation and the non radiant PMV. The model was developed in 
a thermally neutral environment, but the conditions that were found in the field were 
not thermally neutral, this suggests that the relationship between intensity may vary 
with other environmental parameters. If this was the case the relationship between 
radiation intensity and thermal sensation may not remain constant as thermal sensation 
deviates away from neutral. Further experimentation in the laboratory is required to 
determine if this is infact the case. 
The studies conducted, both laboratory and field trials, local thermal sensations were 
found not to be significantly different from the overall thermal sensation. It should be 
noted though that in all these experiments the environments were relatively uniform in 
environmental terms. In real situations, temperature gradients and asymmetries may be 
considerably greater than those encountered in these experiments. With greater 
deviations away from thermally neutral conditions the effect of local discomfort may be 
come more dominant. In these cases it would be appropriate to calculate PMV.,, i,,, at a 
series of different points to give a more accurate estimation of the predicted thermal 
sensation. Indications from these studies suggest that the deviation between overall 
and local thermal sensations would need to be greater than one scale point for local 
sensations to be considered in the assessment of an environment. 
10.6 Conclusions 
From the results of the field trials the following conclusions can be drawn. 
1. The assessment of human thermal comfort in vehicles is complex and difficult to 
conduct in the field. Variation in environmental parameters in terms of both spatial 
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and temporal changes, make accurate prediction of thermal comfort difficult. 
2. Thermal sensation votes are closely related to the vote of thermal comfort, 
stickiness, preference and pleasantness. 
3. Surface temperature of the dashboard is related to thermal sensation and provides a 
pragmatic index that could be used in vehicle design. 
4. The PMV.,, Ia, model provides an improved level of prediction of the state of thermal 
comfort of the vehicle occupants over existing thermal indices. 
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11. Conclusions and recommendations for Future work 
11.1 Chapter summary 
This chapter provides a review of the important findings of the work conducted for this 
thesis. It also presents several areas that should be considered for future research. 
11.2 Final comments 
This thesis has aimed to provide new information about the effects of direct solar 
radiation on human thermal comfort in the context of vehicles. The laboratory 
experiments provided useful information on the changes in thermal sensation caused by 
solar radiation. The model generated from this experimental data provided good 
correlation with the thermal sensations reported by the subjects in the experiments. 
However, it did not prove to be so robust in the field, although it did produce a 
superior prediction of the environment effect on the vehicles occupants than existing 
models. The difficulties in assessing real world vehicle environments has been well 
documented. The complex nature of the environments suggests that further work in 
quantifýring the environments to enable further improved predictions. 
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have a significant effect on human thennal sensation. It is the total level of rýdiation 
sensation felt. 
Automotive glazing c4n improve the thermal comfort of vehicle occup4nts. A 
reduction in the transossion of visible and infrared radiation through the glazing 
lowers the thermal seriptions felt by the occupant. Fuýher reductions in the theTM41 
discomfort of the occupants could be achieved by mcrcýsing the reflective qualitie§ of 
1. 
the glazing. 
The emission of longwave radiation from internal surfaces ip vehicles p4n bave an 
cumulative effect on týermal sensation when combined With direct splar radiation, 
when internal surfaces are very hot (80'C +). However, in practical appliqtjons it is 
unlikely for dashboard surface temperatures to be maintained in vehicles without a 
correspondingly high air temperature, + 50'C. These temperatures can only be 
achieved as a result of the vehicle standing in the sun for an hour or more. As soon as 
the doors are opened to allow ingress, the heat in the veNgle will decrease. Therefore, 
the surface temperatures of the dashboard and internal components that are likely to be 
encountered whilst the vehicle is moving is in the region of 40 to 50 OC with high 
extemal solar loads, 850 Wm72. 
Mean skin temperature is significantly effected by direct solar radiation. It is sensitive 
to radiation intensity differences. However, it is not a reliable measure when the level 
of energy is less than 100 Wrný. 
An empirical model has been established which can integrate direct solar radiation as 
Page 240 
well as the other main environmental parameters to provide a prediction of thermal 
comfort. The PMV. 1a, model provided an improved predictive model over existing 
models. The use of the F,.,.,, correction factor provided the additional effect of solar 
radiation to the longwave radiant components already accounted for in the PMV 
model. The PMVol,, model predicted well in the laboratory, and proved to be more 
successful in the field than existing models. 
11.4 Future research 
The laboratory experiments undertaken in this study used a neutral environment to 
assess the contribution of direct solar radiation. It is common for people to be exposed 
to solar radiation whilst the thermal environment is outside those of established 
comfort zone parameters. Research should be conducted to see how / if the thermal 
sensation response to direct radiation changes if the ambient environment is hot or cold 
rather than neutral. If the environment is hot, PMV = 2, does the addition of direct 
solar radiation have the same effect of increasing thermal sensation by the same ratio 
found in a neutral environment? Does it have a greater effect when combined with 
high air temperatures? In cold environments, solar radiation will improve the thermal 
sensation, but what level of radiation will compensate for reduction air temperature? 
Further work should be conducted to determine the effects of solar radiation in these 
environments. 
Clothing can have a significant effect on a person's thermal comfort. There is Vvide 
scope for further research into the interaction of clothing type and solar radiation. The 
transmission properties of the clothing materials will have a noticeable effect on the 
comfort of a person. The colour of the clothing can also have an effect, darker 
clothing absorbing more radiation, this will result in the material increasing in 
temperature, vvith lighter clothing will reflect more direct solar radiation. Also the fit 
of clothing, how tight or loosely the clothing fits the body, can have a noticeable effect. 
These experimental studies used male subjects, whilst the general thermal sensation 
response of males and females is considered to be the same, Fanger (1970). On this 
basis it would seem reasonable to assume that females would have a similar response to 
iAjrj4cA], uw§ 
-The-snnptrýif 
-ýýn'tp-nitn 
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males. This would mean that the R. I., factor would be valid for both. However, there 
are some variations between genders, preference and response to changes in thermal 
sensations tend to differ between males and females, McIntyre (1980). It would be 
prudent to assess the effect of direct solar radiation on female thermal sensation. 
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Appendix A 
Thermal Comfort Questionnaire, version 1 
THERMAL COMFORT IN VEHICLES 
Date: 12/06/98 Time: Neutral, Pre, 0,5,10,15,20,25,30, post 
Subject: A Session: C 
1 THERMAL ENVIRONMENT 
Overall Head Trunk Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
1234567a9 
7 Extremely Hot 
6 Very Hot 
5 Hot 
4 Warm 
3 Slightly warm 
2 Neutral 
I Slightly cool 
overall Head Tnink Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
123456789 
4 Very Uncomfortable 
3 Uncomfortable 
2 Slightly Uncomfortable 
1 Not Uncomfortable 
I 
overall Head Trunk Anns Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
123456789 
4 Very Sticky 
3 Sticky 
2 Slightly Sticky 
1 Not Sticky 
2. Please indicate how YOU would like to be NOW: 
Warmer M No change M Cooler 
j 
ED 
Appendix A 
Thermal Comfort Questionnaire, version 1 
THERMAL COMFORT IN VEHICLES 
Date: 12/06/98 Time: Neutral, Pre, 0,5,10,15,20,25,30, post 
Subject: A Session: C 
1 THERMAL ENVIRONMENT 
Overall Head Trunk Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
1234567a9 
7 Extremely Hot 
6 Very Hot 
5 Hot 
4 Warm 
3 Slightly warm 
2 Neutral 
I Slightly cool 
Overall Head Trunk Arms Upper Legs LowerLegs Feet 
Front Rear Front Rear Front Rear 
1234567a9 
4 Very Uncomfortable 
3 Uncomfortable 
2 Slightly Uncomfortable 
1 Not Uncomfortable 
jIII 
Overall Head Trunk Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
123456789 
4 Very Sticky 
3 Sticky 
2 Slightly Sticky 
I Not Sticky 
III I 
2. Please indicate how YOU would like to be NOW: 
Warmer 1: 1 No change M Cooler 
Appendix B 
Thermal Comfort Questionnaire, version 2 
THERMAL COMFORTASSESSMENT 
Date: 
Subject: 
Time: 
Session: 
Neutral, Pre, 0.5.10,15,20,25,30, Post 
I THERMAL ENVIRONMENT 
Please rate on these scales how YOU feel NOW: 
Overall Head Trunk 
Front Rear 
7 E)dremely hot 
6 Very Hot 
5 Hot 
4 Warm 
3 Slightly w3ffn 
2 Neutral 
I Slightly cool 
1 
Overall Head Trunk 
Front Rear 
123 
4 Very Uncomfortable 
3 Uncomfortable 
2 Slightly Uncomfortable 
I Not Uncomfortable 
4 Very Sticky 
3 Sticky 
2 Slightly Sticky 
1 Not Sticky 
Overall Head Trunk 
Front Rear 
123 
Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear 
456789 
Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear 
4567a9 
Arms Upper Legs Lower Legs Feet 
Frord Rear Frord Rear 
456789 
2. Please rate on the scale how YOU would like to be NOW. 
Much warmer Warmer Slightly warmer No change Slightly cooler Cooler Much cooler 
IIIIIIj 
Appendix C 
Thermal Comfort Questionnaire, version 3 
THERMAL COMFORT AssEssmENT 
Date: 
Subject: 
Time: 
Session: 
Neutral, Pre, 0,5,10,15,20,25,30, Post 
1 THERMAL ENVIRONMENT 
Please rate on these scales how YOU feel NOW: 
Overall Head Trunk 
Front Rear 
123 
7 Extremely hot 
6 Very Hot 
5 Hot 
4 Warm 
3 Slightly %wrm 
2 Neutral 
I Slightly cool 
4 Very Uncomfortable 
3 Uncomfortable 
2 Slightly Uncomfortable 
I Wt Uncomfortable 
Overall Head Trunk 
Front Rear 
123 
Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear 
456789 
Arms Upper Legs Lovver Legs Feet 
Frord Rear Frort Rear 
45678 
4 Very Sbcky 
3 Sticky 
2 Slightly Sticky 
I Wt Sticky 
Overall Head Trunk Arms Upper Legs Lower Legs Feet 
Front Rear Front Rear Front Rear 
2345678 
2. Please rate on the scale how YOU would like to be NOW: 
Much warmer Warmer Slightlywarmer W change Slightly cooler cool" Much cooler IIIIIIi 
3. Please rate on the scale how YOU feel NOW in this thermal environment: 
Very pleasant Pleasant Slightly Neither pleasant Slightly Unpleasant Very 
peasant nor unpleasant unplegsant unpleaýsant 
4. Please indicate how acceptable YOU find S. Please indicate how satisfied YOU are with 
this thermal environment NOW: this thermal environment NOW: 
0 El Fý El 
Appendix D 
Correlation matrix 
Table 1, presents a section of the full correlation matrix. This illustrates how each of the 
environmental, physiological and psychological responscsvvcrc correlated with each other in a large 
table. 
Table 2, presents the thermal sensation correlation's only. Here, the thermal sensation data is collected 
in several combinations. First; an of the data for all subjects in both the front and rear seat positions 
was combined. IIcn it can be seen the individual subject correlations for both the front, rear and 
combined seating positions. The columns detail the various parameters, whilst the rows present the 
thermal sensation correlation details; correlation cocfficicnt, significance level, and number of 
measurements. 
Table / Correlalion malrix 
Only part of the correlation matrix is presented, just to illustrate how each environmental, 
physiological, and psychological variable was correlated with each other. 
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